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ABBREVIATIONS
ALA c f-aminolaevulinic acid
CoA Coenzyme A
DNP dinitrophenol
EDTA ethylene diamine tetra-acetic acid
FDNB fluoro dinitrobenzene
HPLC high pressure liquid chromatography
IR infra-red
NOR nuclear magnetic resonance
PBG porphobilinogen
TLC thin layer chromatography
copro coproporphyrin
coprogen coproporphyrinogen
(-ogen transforms porphyrin to porphyrinogen)
coprogenase coproporphyrinogenasa
dehydroisocopro dehydroisocoproporphyrin
deutero deuteroporphyrin
haemato haematoporphyrin
hepta heptacarboxylic acid porphyrin
haxa hexacarboxylic acid porphyrin
isocopro isocoproporphyrin
maso mesoporphyrin
panta pentacarboxylic acid porphyrin
proto protoporphyrin
uro uroporphyrin
1SUW1ARY
1* Synthetic water-soluble porphyrin esters were prepared as modal 
compounds for comparison with the natural water-soluble porphyrin 
esters found in the faeces of patients with variegate porphyria«
The preparation involved the treatment of haomato with sodium 
metabisulphite«
2« The chemical and physical properties of the synthetic water-soluble 
porphyrin esters were studied« Visible and infra-red spectra as well 
as NHR and mass spectrometry assisted in establishing ths structure 
of the synthetic water-soluble porphyrin esters«
3« The proposed structures of the synthetic porphyrins are given in
Figure 6« The important feature of these porphyrins is the presence 
of a sulphonic acid group on a side chain of the porphyrins«
4« The chemical and physical properties of the natural water-soluble
porphyrin esters were compared with the synthetic porphyrins« These 
provided evidence to suggest that the natural compounds also contained 
a sulphonic acid group in the molecule.
5« A simple chromatographic method is given for separating the water-
soluble porphyrin esters in extracts of faeces. This method may assist 
in the distinction between variegate porphyria and the other porphyrias.
6« A brief study was made of the fraction of ether-soluble porphyrins
present in the faeces of variegate porphyria patients called the sub­
uroporphyrin fraction«
7« Some of the physical and chemical properties of purified components of 
the suburoporphyrin fraction are given. One unique feature was the 
presence of a dicarboxylic porphyrin with a high polarity but which 
did not possess any hydroxyl groups,
6. A possible scheme for the origin of the uater-soluble porphyrin - esters 
and suburoporphyrins is given.
2SECTION A
REVIEW or THE LITERATURE
(1) INTRODUCTION
Porphyrins are a ubiquitous group of cyclic tetrapyrroles with a variety 
of functions in nature. Briefly, they are involved in such diverse activities 
as electron transport, in the detoxification of certain chemicals, in 
photosynthesis and also in the transport of oxygGn.
For haem, the compound containing most of the total porphyrins in humans, 
the normal biosynthetic pathway is well established. There are excellent 
reviews of the elucidation of the pathway by Harks (1969) and by Battersby 
and McDonald (1975),
Briefly, succinyl coenzyme A (succinyl-Coñ) and glycine are condensed by 
cf-aminolaevulinic acid synthetase (ALA synthetase) to form amino ^-keto 
adipic acid which subsequently loses carbon dioxide to yield ALA, ALA 
dehydratase condenses two molecules of ALA to form the monopyrrole 
porphobilinogen (PBG), Four molecules of PBG are cyclised by the concerted 
action of two enzymes, uroporphyrinogen I synthetase (urogen I synthetase) 
and uroporphyrinogen III cosynthetese (urogen III cosynthetase) to form 
urogon III,
Coproporphyrinogen III (coprogen III) is formed by the action of
decarboxylase enzymes(s) on urogen III. It is then converted by oxidative
decarboxylation to protoporphyrinogen IX (protogen IX) by the enzyme
coproporphyrinogenase (coprogenase), Protogen IX is oxidised to
protoporphyrin IX (proto IX) and the enzyme ferrochelatase catalyses the 
2+insertion of Fe to form haem. This pathway is shown diagrammatically in 
Figure 1.
In clinical investigations, porphyrins or porphyrinogens are found to 
occur naturally in the urine, faeces, liver, red blood cells and plasma of 
humans. The porphyrins occur in these materials as by-products arising from 
the biosynthesis of haem and also from dietary sources.
Biosynthesis of Haem
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(2) SEPARATION AND PURIFICATION OF PORPHYRINS
A
Free porphyrins may be separated by paper chromatography in solvents 
containing lutidine (Falk et al., 1956). The separation of some of the 
isomers of free coproporphyrin (copro) or uroporphyrin (uro) after 
decarboxylation can be effected by paper chromatography (Erikson, 195B).
Flore recently, separation of isomers has been achieved by high pressure 
liquid-liquid chromatography (HPLC) (Battersby ojt al., 1976; Adams et al., 
1976).
Electrophoresis in alkaline buffer may also be used for separation of 
free porphyrins (Lockwood and Davies, 1962). Dicarboxylic acid porphyrins 
do not migrate in this system but porphyrins with between four and eight 
carboxylic acid groups are well separated. HPLC methods are also now 
available to separate free porphyrins (Adams et al., 1976).
Column chromatography on cellulose is capable of separating large 
quantities of free porphyrins (Eriksen, 1957).
Porphyrin esters may be separated by column chromatography on alumina 
(Nicholas, 1951). The band3 eluted from the column may be readily detected 
with UV light or by observing the coloured bands if sufficient porphyrin is 
present. The separated esters can be estimated spectrophotometrically.
Thin layer chromatography (TLC) on silica gel (Doss, 1969) has been used 
to separate porphyrin esters in small quantities. With preparative TLC plates 
separation of milligram quantities of porphyrin esters is possible. The 
development is readily monitored by viewing under UV light and the TLC plate 
may be easily handled and retained for reference at a later date. The bands 
of porphyrin esters may be scanned spectrofluorimetrically or else the 
individual bands may be eluted and measured spectrophotometrically.
Flore recently, HPLC has been used to separate porphyrin esters (Evans 
et sl.t 1976; Gray et_ al_., 1977) and the resolution is generally much better 
than that obtained by other techniques. Columns are also available for 
separation of large quantities of porphyrin esters. Detection of porphyrin
5esters can be either by continuous fluorimetry or by spectrophotometry of the 
eluate. A by-pass valve facilitates collection of any desired porphyrin 
fraction.
In purifying porphyrins from biological fluids, the porphyrins can be 
adsorbed onto talc (Falk, 1964) and then eluted and esterified with methanol- 
sulphuric acid. For small volumes, the biological fluid may be added directly 
to methanol-sulphuric acid keeping the aqueous phase to less than 10% (v/v).
With (1971) has shown than even 20% of water in the reaction mixture had 
little effect on the esterification of uro. The porphyrin esters may than 
be extracted into ether and separated by the methods indicated previously.
For the purification of porphyrins from solid matter such os liver, 
faeces, otc, an extraction with a mixture of glacial acetic acid/ether may be 
used and then the porphyrins partitioned between water and ether. The ether- 
soluble porphyrins may then be esterified and separated. The water-soluble 
porphyrins may be recovered from the aqueous fraction by extraction with 
butanol or elso by adsorption onto talc.
Another method used to extract porphyrins from solid biological matter 
is by treatment with methanol-sulphuric acid. After esterification,the 
porphyrin esters may be extracted with ether and separated by the methods 
given previously.
(3) THE PORPHYRIAS
The porphyrias are a group of metabolic diseases each having a specific 
defect in the haem biosynthetic pathway. As well as occurring in man, porphyria 
has also been reported in several domestic animals including bulls and pigs.
The term has even been used in describing some yeast and bacterial cultures 
which excrete considerable amounts of porphyrins into the medium.
There are a number of excellent reviews of the porphyrias (Gajdos and 
Gajdos-T&rok, 1969; Elder et al., 1972). Below is a brief summary of some of 
the important aspects of the porphyrias.
There are two main typos of symptoms which are characteristic of the
porphyrias in man«. There may be acute symptoms which include nausea, 
abdominal pain and other neurological disturbances. There may also be/e 
photosensitivity with blistering.
The porphyrias may bs conveniently divided into two major groups 
depending on whether the metabolic fault is manifest in the bone marrow 
(erythropoietic) or in the liver (hepatic). Further classification of the 
porphyrias relies on the symptoms expressed and the metabolites excreted by 
the patient.
In erythropoietic porphyria, which is inherited as a flsndslian recessive 
gene, the red blood cells have a high content of porphyrin which is mainly 
uro of the I isomer series. There is considerable photosensitivity but no 
neurological disturbances. In contrast to most of the other porphyrias, the 
symptoms are generally evident from the early years of life.
In erythropoietic protoporphyria, inherited as a Flendelian dominant gene, 
the elevation in the red blood cell porphyrins is due mainly to proto. There 
is present in the patient photosensitivity but no neurological disturbances. 
There is some evidence of involvement of both bone marrow and liver tissue 
(Gray et al.t 1964) and hence some authors have labelled this condition 
erythrohepatic protoporphyria (Scholnick e_t al., 1971).
In erythropoietic coproporphyria elevated porphyrins in the red blood 
cells are due mainly to copro. The inheritance pattern appears to be 
Mendelian dominant in this porphyria.
In Porphyria cutanea tarda symptomatica (toxic porphyria) although there 
appears some evidence of an hereditary involvement, the disease appears to be 
mainly a result of destruction of liver tissue by certain chemicals especially 
alcohol. Uro and heptacarboxylic acid porphyrin (hepta) are elevated in 
excreta and there also occurs at elevated levels a class of porphyrins called 
isocoproporphyrins (Elder, 1972; Stoll ejt al., 1973) (Figure 2). Photo­
sensitivity without neurological disturbances is evident in this porphyria.
In acute intermittent porphyria, another hepatic porphyria, neurological
6
FIGURE 2
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8symptoms are present without photosensitivity. The inheritance pattern is 
one of Mendelian dominance. Large amounts of PBG are excreted in the urine 
during attacks and this level tends to remain elevated during remission.
In hepatic coproporphyria, elevated urinary and faecal porphyrin levels 
may occur and these porphyrins are mainly copro. Elevated porphyrin 
precursors may also be present in the urine. This porphyria appears to be 
inherited as a Mendelian dominant gene.
Patients with variegate porphyria may have a combination of both photo­
sensitivity as well as neurological symptoms. Large amounts of porphyrins 
may be excreted in the urine these being mainly copro but as well increased 
amounts of porphyrin precursors, ALA and PBG, may be present especially 
during an attack. Increased uro may result from non-enzymic condensation 
of PBG. The faecal porphyrins are also generally elevated and these are 
mainly proto and copro. There are also present in large amounts in the 
faeces, but rarely in the urine, water-soluble porphyrins which are unlike 
uro and hepta. These will be dealt with in more detail below. The
inheritance of this porphyria is clearly flendelian dominant in nature. In 
South Africa, Dean (1963) has estimated the incidence of variegate porphyria 
in the white population to be 3 in 1000. The onset of the symptoms of 
variegate porphyria generally arise after puberty and acute attacks may be 
precipitated by the ingestion of certain drugs, notably barbiturates and 
sulphonamides.
(4) WATER-SOLUBLE PORPHYRINS OF THE PORPHYRIAS 
(a) Urinary Water-Soluble Porphyrins
Water-soluble porphyrins which were not uro or hepta have 
been isolated on rare occasions from the urine of patients 
with porphyria who also suffered from biliary obstruction.
From the clinical picture, it appears that the patients in 
fact suffered from variegate porphyria. The preparations have 
generally been heterogeneous in nature and as yet no pure 
component has been isolated. Accompanying the porphyrins have
been coloured impurities making purification difficult.
Large losses have resulted from interfacial precipitation 
during extraction making results inconclusive. Lately, 
comparisons between different workers in the field have been 
difficult due to the many fractions of the water-soluble 
porphyrins obtained.
Gray et al,, (1948) prepared water-soluble porphyrins from the urine of 
a porphyric patient with recurrent jaundice by first removing the ether- 
soluble porphyrins, passing the aqueous fraction through a column of alumina 
and eluting the porphyrins with methanol-sulphuric acid.
Other methods used by these workers included exhaustive extraction with 
ethyl acetate of the aqueous residue of the urine after all the ether-soluble 
porphyrins had been removed. After esterification with methanol-hydrochloric 
acid, the porphyrins esters were extracted with chloroform but a considerable 
amount of porphyrin esters appeared at the interface. All efforts at 
crystallisation of the chloroform-extractable material failed. The spectrum 
of the free porphyrin in alkali changed to the spectrum given in acid when the 
pH was reduced to 3-3.5 and,even when the preceding purifications had been 
attempted, an iso-electric precipitation could not be achieved.
As it was possible that the ether-insoluble porphyrin was a complex of 
copro and protein, the urine was boiled for two hours with half its volume of 
concentrated hydrochloric acid in order to disrupt the presumed complex and 
the copro content of the solution measured before and after boiling. There 
was no change in the values for copro but a “dark, amorphous humin-like 
precipitate" formed onto which all the porphyrins present were absorbed. If 
the heating in acid was carried out on urine from which copro had been 
previously extracted, the precipitate which formed contained the ether- 
insoluble porphyrins. The precipitate was washed, dried and treated uith 
methanol-hydrochloric acid and the porphyrin ester separated from the black 
amorphous material by extraction with chloroform. Even these preparations
9
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failed to crystallise and "behaved in the same intractable manner as the 
substance previously described".
These water-soluble porphyrins were not identified but were quite 
distinct from uro; the visible spectra were different and decarboxylation 
conditions suitable for uro completely destroyed the porphyrins.
Some of the properties of the water-soluble porphyrins were described 
by Gray et al. (1948). Compared to uro, the porphyrins were much less 
firmly bound to an alumina column. The free porphyrin was extracted poorly 
by ethyl acetate from solutions at pH 3.0. After esterification with 
methanolic HC1, the porphyrins passed into chloroform. The authors also 
noted the problem of the instability of the porphyrins and their tendency to 
precipitate out at interfaces in solvent extractions. It was suggested that 
the lability may have been due to the presence of a vinyl group in a side 
chain, similar to the lability demonstrated by proto.
Sweeney and Eales (1963) reported the presence of water-soluble 
porphyrins, which were unlike uro and hepta, in the urine of a patient with 
porphyria suffering from an attack of cholestatic jaundice. These porphyrins 
migrated on chromatography as a mixture of compounds containing between two 
and four carboxylic acid groups.
Rimington and Lockwood (1966) prepared water-soluble porphyrins from the 
urine of a patient with variegate porphyria by adsorption of the porphyrins 
onto talc at pH 3.5 and subsequent elution with formic acid. The porphyrins 
were extracted with ethyl acetate after adjusting the formic acid eluates to 
pH 3.0-3.5. The formic acid was removed by washing the ethyl acetate extract 
with 2M aqueous ammonia. Care was taken to keep the pH of the washings 
below a value of 4 otherwise some porphyrins were extracted into the aqueous 
layer. These porphyrins were found to behave differently from uro; they 
were not extracted into cyclohexanone at pH 1.5, as is uro, but could be so 
extracted at pH 2.8-2.9. Porphyrin £, the dicysteinyl porphyrin adduct 
derived from cytochrome £ (Figure 3) was shown to have similar solubility
FIGURE 3
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properties to the water-soluble porphyrins from the urine of patients with 
variegate porphyria (Rimington and Benson, 1967), Moreover, both on 
electrophoresis and on paper chromatography in lutidine, the porphyrins 
migrated between copro and proto suggesting the presence of between two and 
four carboxylic acid functions* The crude methyl esters were prepared with 
methanol-sulphuric acid and chromatographed by the method of Chu, Green and 
Chu (1951) using chloroform-kerosene and kerosene-propanol. In addition to 
copro ester, three other fractions were noted, one migrating similarly to a 
haemato ester control, another between this and the origin, whilst the major 
fraction remained at the origin. Re-esterification of the material at the 
origin gave a similar chromatogram eliminating the possibility that partial 
esterification accounted for the results.
The esters could also be separated by shaking with 0.05M HC1 which 
readily removed the material at the origin confirming its strong basicity.
When this material at the origin was returned to chloroform, the spectrum had 
bands at 623.1, 569.8, 536.3 and 502.4 nm, values which are are very similar 
to those given by porphyrin £  and also to the values given by the hydrophilic 
porphyrin described by Gray et al. (1948).
Rimington and Lockwood (1966) and Rimington jet al. (1968) also reported 
that using the mercurous and silver salt method of Paul (1950) for splitting 
thio-ether linkages, small amounts of ether-soluble porphyrins were released 
from impure urinary water-soluble porphyrin preparations. This suggested 
that the binding of at least some of the porphyrin was by thio-ether linkages. 
Digestion of the preparation of water-soluble porphyrins at 120°C with 
methanolic KOH also released small quantities of ether-soluble porphyrins 
which, by paper chromatography with lutidine, indicated the presence of two 
carboxyl groups in the molecule. Some of the porphyrins released could be 
acetylated suggesting the presence of hydroxyl or amino groups. The authors 
state that the hydroxyl groups could have been formed during the digestion 
with alkali; however it was previously shown that hydroxyl groups were also
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present on the porphyrins released by the treatment with silver salts. This 
seemed to suggest to the workers that the hydroxyl groups were present before 
the alkaline digestion,
Rimington £t al, (1968) gave the term "X-porphyrins" to the porphyrin- 
peptides found in urine and faeces of patients with variegate porphyria.
They proposed the structure given in Figure 4.
Grosser jet al. (1971) isolated water-soluble porphyrins from the urine 
of a porphyric patient with infective hepatitis by adsorbing all the 
porphyrins onto talc and eluting them from the talc with acetone-HCl. After 
removal of ether-soluble porphyrins by partitioning the eluate between water 
and ether, the aqueous fraction was passed through an Amberlite CG-50 column. 
The major band from this column was purified further on a Dowex-50 column. 
Small amounts of porphyrins were eluted with buffers at pH 5.3 and pH 8,3 
but the major fraction remained on the column and could be removed with 
lutidine-water-acetic acid at pH 7. After lyophilization of this major 
fraction, approximately 20% of the porphyrin became ether-soluble and was 
shown to be haomato with traces of unknown porphyrins. After treating the 
remaining B0% twice with mercury salts in order to split presumed thio-ether 
bonds, 14^ of the porphyrin appeared as haemato, but about 60% remained 
unchanged.
Electrophoresis at pH 6.5 of the water-soluble porphyrins after treatment 
with mercury salts caused the porphyrins to move slowly towards the cathode 
while porphyrin £ migrated at a faster rate. Chromatography of the water- 
soluble porphyrins on talc revealed behaviour similar to natural porphyrin 
octapeptide, namely with no movement. However on paper chromatography in a 
lutidine-water system, the water-soluble porphyrins migrated with a higher 
mobility than porphyrin octapeptide. These results suggested to the workers 
a possible correlation between the natural compound and porphyrin £.
Removal of both free haemato and that porphyrin released by mercury salt 
treatment was accompanied by a change in the wavelength of the Soret band
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FIGURE 4
Proposed Structure of Water-Soluble Porphyrins,
u w
the X-Porphyrins
(Rimington at al », I960).
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from 400 nm to 410 nm in acid« The asymmetric Soret band 
suggested the presence of a mixture of substances with wavelengths of 
maximum absorbance of approximately 400 and 410 nm while the Soret band of 
the residual water-soluble porphyrin was symmetrical*
Grosser j3t al. (1971) found that the patient they were studying had free 
peptides in the urine at a level three times that found in normal subjects. 
The fact that these peptides had an affinity for the porphyrins could explain 
the occurrence of some of the water-soluble porphyrins found in the urine of 
patients with variegate porphyria* The fact that haemato could not be 
removed by the initial ether extraction, it was suggested, could have been 
due either to the presence of weak bonds between the peptides and porphyrins 
or due to "polymerisation of the peptides trapping the haemato". However the 
presence of a weak ionic bond broken by alkali seemed more acceptable to 
these workers. This conclusion was supported by the work of Sano and 
Rimington (1963) who had found that no haemato or haematogen was excreted in 
the urine after injection of these substances into the blood* Grosser jet al* 
(1971) concluded that haemato could have been removed by binding of the 
carboxyl group with a hydrophilic peptide. However, in the work of Grosser 
e_t al. (1971) it is still puzzling why 20% of the porphyrins appeared as 
haemato after removal from the Dowex-50 column and lyophilizing several times 
before the use of silver or mercury salts. Also puzzling is why after 
treatment of the remaining porphyrin-peptides twice with mercury acetato 
only 14% of the porphyrins appeared as haemato and 60%  remained unchanged.
These results indicate that the porphyrins bound to peptides by thio- 
ether linkages do not constitute all of the water-soluble porphyrin fraction, 
(b) Faecal Water-Soluble Porphyrins
Uater-soluble porphyrins unlike uro or hepta have been 
isolated from the faeces of patients with variegate porphyria.
The problems caused by precipitates forming at interfaces and 
leading to low yields have made study difficult. As with the 
urinary water-soluble porphyrins, comparison between the results
16
of different workers has been difficult owing to the many 
fractions obtained. Some of the properties of these 
porphyrins suggest they may be a series of stable conjugates 
of porphyrins bound to protein by thio-ethar linkages as has 
bfeen postulated for the urinary water-soluble porphyrins.
Water-soluble porphyrins were isolated from the residue remaining after 
exhaustive extraction with acetic acid/ether of the faeces of patients with 
variegate porphyria (Rimington et aJ., 1968). The faecal residue was 
extracted with 45%> (w/v) urea containing 4%  (v/v) Triton X-100. On 
addition of n-butanol followed by water to the extract, the porphyrins passed 
into the butanol. The porphyrins were transferred to dilute mineral acid 
after addition of 2 to 3 volumes of ether to the butanol extracts. The 
detergent was removed by adsorbing the porphyrins onto calcium hydroxide.
The solid was removed by centrifugation and washed with 50%  (v/v) aqueous 
ethanol to remove the detergent. The calcium hydroxide was then dissolved 
in a slight excess of dilute HC1 to release the porphyrins.
Rimington and co-workers (1968) used several other methods for extracting 
and studying the faecal water-soluble porphyrins of variegate porphyria.
The residue remaining after exhaustive extraction of the faeces with acetic 
acid/ether or the precipitate obtained by extracting this residue with 
acetic acid and adding ether, was hydrolysed with 6 M HC1 and the porphyrins 
were then esterified with methanol-sulphuric acid. The ether-soluble 
porphyrin esters obtained behaved similarly to the methyl esters of 
porphyrin £ prepared by Zeile and Neyer (1939). The porphyrin ester could 
be extracted from ether by citrate buffer at pH 2.9 and could be returned to 
ether at pH 4.9. However the porphyrin was noticed to lose basicity on 
standing in ether.
The porphyrin ester was then applied to an Amberlite CG-50 column and
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after washing the column, the ester was removed from the column with aqueous 
pyridine, the eluate lyophilised and the ester treated with silver salts.
The ether-soluble porphyrin which resulted was esterified and the ester 
behaved in the chromatographic system of Chu and Chu (1954) in a similar 
fashion to haemato ester. The aqueous fraction remaining was oxidised with 
performic acid and subjected to two-dimensional paper chromatography. With 
suitable markers, a faint and slowly developing ninhydrin-positive spot 
appeared in the position expected for cysteic acid. This behaviour was 
similar to that shown by porphyrin £.
The precipitate obtained by adding ether to the acetic acid extract of 
the faecal residue (after exhaustive extraction with acetic acid/ether) was 
hydrolysed with sulphuric acid for 40 hours at 120-130°C. After extraction 
from the supernatant with butanol, the porphyrins were applied to an Amberlite 
CG-50 column which was washed as before. The porphyrins were eluted with 
aqueous pyridine, treated with (U-^C) FDNB and extracted with ether. The 
porphyrins were extracted from the ether with 10$ HC1 and after chromato­
graphy in lutidino, autoradiography showed that the fluorescence due to 
porphyrins coincided with the major portion of the radioactivity at the 
dicarboxylic acid position. Another fluorescent and radioactive spot was 
seen at the tricarboxylic acid position. Also present was a trace of copro 
III which was not coincident with any radioactivity. These results suggested 
the presence of a free amino group on the porphyrin and hence the possibility 
of it being due to the free amino group of an amino acid.
The faecal residue, after exhaustive extraction with acetic acid-ether, 
was extracted with Triton/urea solution and the extract subjected to paper 
electrophoresis in alkali. The electrophoresis revealed a fast moving band 
and a slower moving, red, fluorescing band. The slower moving band was eluted 
and treated with (ll-^C) FDNB. Chromatography in lutidine followed by 
autoradiography showed a spot having fluorescence and radioactivity 
corresponding to a porphyrin containing three carboxylic acid residues and
another spot at tho copro position devoid of radioactivity. These results 
suggested that the tricarboxylic acid porphyrin contained a free amino group 
on the molecule.
From the studies of water-soluble porphyrins in tho faeces and urine of 
patients with variegate porphyria, Rimington et_ al. (1968) suggested the 
presence of a series of porphyrin-peptides in which the porphyrin is bound 
to the peptide through a thio-ether linkage. It was suggested that these 
compounds are normally excreted into the bile and thence into the duodenum 
but during biliary obstruction the compounds may appear in th8 urine.
The work described so far failed to produce a homogeneous fraction of 
water-soluble porphyrins. Below is described the isolation-and purification 
of such homogeneous fractions.
Water-soluble porphyrins were prepared from a patient with variegate 
porphyria by extraction of the faeces with glacial acetic acid and then 
partitioning of the extract between water and ether (Poulos and Lockwood, 
1973, 1974; Poulos, 1973). The precipitate in the aqueous layer was found 
to be rich in water-soluble porphyrins and these were extracted with 10$ 
(w/v) HC1. This acid extract was adjusted to pH 4 with sodium acetate and 
passed through a cellulose column. Host of the brown-coloured and blue- 
fluorescing impurities were not retained by the column and the porphyrins 
adsorbed by the column were eluted with 10$ (w/v) HC1. These porphyrins 
were esterified with methanol-sulphuric acid, the esters extracted with 
chloroform and separated by TLC using silica gel and with chloroform- 
methanol (85:15;v/v) as solvent. About half of the fraction of water- 
soluble porphyrins migrated to the front and was identified as ether- 
soluble components of the labile water-soluble porphyrin fraction. About 
40$ of the total remained at the origin and there were also present two 
bands with Rf values approximately 0.3 and 0.2 (designated WSP1 and WSP2 
respectively) which contained 5$ each of the total water-soluble porphyrin
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Fractions USP1 and USP2 were largely unaffected by re-esterificaticn and 
thus contained only traces of partially esterified porphyrins« USPI and USP2 
uere both water-soluble uhen partitioned between water and ether. Esters 
prepared with methanol-sulphuric acid still appeared to contain a charged 
function as shown by their solubility in IN and also by their migration
on polyacrylamide gel electrophoresis in alkaline buffer. Porphyrin esters 
of proto, copro and uro wore insoluble in IN I^CO^ and also precipitated on 
top of the column of gel used in the electrophoresis at alkaline pH.
Uhen the fractions U5P1 and U5P2 were dissolved in methanol-glacial 
acetic acid (49:l;v/v) and the solutions treated with diazo-methane in ether, 
ether-soluble porphyrins which migrated in benzene-ethyl acetate-methanol 
(85:13.5:1.5;v/v) with Rf values of approximately 0.7 and 0.4 respectively 
were formed.
From this chemical evidence (Poulos and Lockwood, 1973, 1974; Poulos, 
(1973), it was suggested that the two stable water-soluble porphyrins found 
in the faeces of a patient with variegate porphyria were porphyrins 
containing one or more sulphonic acid groups. These strongly acidic groups 
would not be esterified with methanol-sulphuric acid but could react with 
diazo-methane to form methyl sulphonates which would then become ether- 
soluble.
(c) Serum Uater-Soluble Porphyrins
Uater-soluble porphyrins have been shown to occur in the 
serum of certain patients with porphyria. Very little purification 
has been possible and no pure fraction has yet been obtained for 
analysis.
Unsuccessful attempts were made by Gray eit al. (1948) to isolate the 
water-soluble porphyrins from the serum of a patient suffering from an attack 
of acute porphyria. Only small amounts of free water-soluble porphrins 
could be extracted from the serum with ethyl acetate and were inadequate 
for analysis.
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Rimington and Lockwood (1966) investigated the porphyrins in the blood 
of a patient with variegate porphyria and found the red blood cell porphyrins 
to be normal but the plasma was "vividly red fluorescent in ultra-violet 
light". The porphyrins causing this fluorescence were firmly bound to 
protein and could only be liberated by tryptic digestion. These workers 
stated that this porphyrin had the hydrophilic properties of the so-called 
"X-porphyrins" found in urine and faeces of patients with variegate porphyria, 
(d) Biliary Water-Soluble Porphyrins
Uater-soluble porphyrins somewhat similar to those in urine 
and faeces have been found in the bile of patients with 
variegate porphyria. Although there is some evidence of a very 
high molecular weight suggesting the porphyrins may occur as 
conjugates in the bile, a pure homogeneous fraction has not been 
isolated and hence interpretation of the chemical properties of 
these compounds is difficult.
Rimington ot al. (i960) first detected the presence of "X-porphyrins" in 
the bile of patients with variegate porphyria but detailed investigations were 
not reported.
Belcher et al. (1969) studied uater-soluble porphyrins in the bile of 
patients with variegate porphyria. An initial extraction with ether was 
used to remove ether-soluble porphyrins which were not protein-bound. The 
residual aqueous fraction was then extracted exhaustively with n-butanol and 
any red-fluorescing material remaining in the aqueous phase was adsorbed onto 
calcium hydroxide. All of the porphyrins were then extracted from the butanol 
with 1.5 M HC1. The green acid extract was freed from bile pigments by 
shaking twice with chloroform. The acid solution was adjusted to pH 3.2 with 
sodium acetate solution and the porphyrins were extracted with n-butanol, 
the butanol being washed well with water to remove salts and then evaporated 
on a rotary evaporator. Chromatography on Sephadex G-25 according to the
method of Rimington end Benson (1967) showed four distinct porphyrin 
fractions (l-IV).
On standing, fraction I gave a pale green precipitate which was soluble 
in dilute» NaHCO^* The visible spectrum in this solution showed greatly 
depressed bands and was "typical of such porphyrin-proteins".
Portions of fractions II-IV were treated with (U-^C)-FDNB and after 
paper chromatography, using lutidine as solvent, autoradiography showed 
radioactivity coincident with the porphyrin fluorescence at the position 
expected for a porphyrin with three carboxylic acid groups. This suggested 
the presence of a free amino group, possible due to amino acids on the 
molecule* However, these experiments do not eliminate the possibility of 
contamination by free peptides contributing to the results (Grosser et_ al., 
1971). Moreover, the autoradiogram also showed radioactive spots which did 
not coincide with porphyrin fluorescence.
Treatment of fraction II from the Sephadex G-25 column with silver 
salts (Paul, 1950) followed by chromatography with lutidine gave a chromato­
gram showing an apparent splitting of the main tricarboxylic acid porphyrin 
spot to yield an additional dicarboxylic acid porphyrin spot. Esterification 
of the dicarboxylic acid porphyrin spot with methanol-sulphuric acid and 
chromatography revealed the presence of haemato ester. The formation of 
haemato by silver salt treatment suggested, to these workers, the presence 
of thio-ether linkages between the porphyrin and the amino acid cysteine.
This linkage is similar to that proposed for the X-porphyrins of Rimington 
et al. (1968).
The visible spectra of each of the four fractions from the Sephadex 
column appeared to be of the aetio-type but contained a lot of background 
absorption. This has been stated by two groups of workers (Rimington et al., 
1968; Belcher £t al., 1969) to be typical of porphyrins bound to protein. 
However, this may only be partly the explanation of the unusual spectra since 
cytochrome £  does not display a very large background absorption. An
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alternative explanation is that Sophadex G-25 is not suitable for separating 
loosely-bound impurities of the porphyrins and these contribute sufficiently 
to account for the large background absorption.
Smith and co-workers (1969) also describe another fraction of water- 
soluble porphyrin from the bile of a patient with variegate porphyria which 
probably had a ‘'higher molecular weight than any so far described". Unlike 
the high molecular weight, butanol-insoluble fraction from faeces described 
by Rimington et al. (1968), this biliary fraction was insoluble in aqueous 
sodium bicarbonate and was not solubilised by treatment with mercapto-ethanol.
(5) SYNTHETIC SULPHONATED PORPHYRINS
The suggestion that a chromatographically pure water-soluble 
porphyrin from a patient with variegate porphyria may bo a 
sulphonated porphyrin (Poulos and Lockwood, 1973, 1974j Poulos, 
1973), led to the chemical synthesis of sulphonated porphyrins 
for purposes of comparison (Poulos, this thesis). Below is a 
brief review of the direct chemical sulphonation of porphyrins.
Nielands (1951) reported the formation of a water-soluble product during 
the reaction between protohaemin end 5% sodium bisulphite at pH 7. Very 
little reaction occurred below pH 6 or above pH 8. Bisulphite solution (l/Q 
was ineffective in promoting the reaction whereas maximum reaction was 
obtained with 5 to 7% solutions. There was no reaction in the absence of 
oxygen.
After removing the iron, the porphyrins isolated were found to be 
soluble in water and methanol but insoluble in ether. On reaction with 
diazo-methane the porphyrins became insoluble in methanol.
Nielands claimed that the porphyrins before reaction with diazo-methane 
were too stable to be bisulphite addition products which are readily 
decomposed by alkali or acid. He also proposed that if hydrogen peroxide 
was formed during the reaction of protohaemin with bisulphite, then the
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haemin could be oxidised and then sulphonated by replacement of an hydroxyl 
group. The change in the spectrum after reaction with bisulphite suggested 
to Nielands that the vinyl groups had been modified.
From the above evidence and from the elemental analysis of the 
purified compound, Nielands postulated that the sulphonation had taken place 
on all four methylene bridge carbons while the vinyl groups were modified 
by reduction or hydroxylation.
(6) THE “SUB-UROPORPHYRINS" OF THE PORPHYRIAS
Feu references in the literature have been made to a type
C
of porphyrin called the "sub-uroporphyrin" ("sub-uro") fraction. 
This term applies to all the porphyrins whose methyl esters 
possess slower mobilities than uro ester in the Doss solvent 
system (1969). Their structures have not been determined but 
the presence of hydroxyl groups on the porphyrins may be a factor 
in their low mobility (cf. haemato ester with proto ester).
 ^Doss (1971) studied the porphyrin esters migrating below uro ester on 
a TLC plate of the urine from a patient with porphyria cutanea tarda. He 
stated that these probably represented porphyrins from the group of 
porphyrin-peptide complexes. The slowest moving fraction was re- 
chromatographed in a more polar solvent system (Doss, 1971) and was shown 
to have an absorption maximum in the Soret region at 410 nm. The visible 
spectrum of this porphyrin also had maxima at 502, 538, 577 and 627 nm 
showing a spectroscopic type where the intensities of these maxima were 
related thus: "band III ^  band IV ^  band II ^  band I". Doss found 
that between 6 and 14^ of the total porphyrins were located in these 
porphyrin-peptide fractions.
Porphyrins migrating in the sub-uro fraction were also found by Doss 
(1971) in the liver tissue of a patient with chronic hepatic porphyria.
Rimington and With (1973) found sub-uros in a variety of sources
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including the urine of animals suffering from bovine congenital erythro­
poietic porphyria, in the urine and faeces of patients with porphyria cutanea 
tarda, in the urine of patients with acute intermittent porphyria and in the 
urine, faeces and meconium of normal patients.
Rimington and With (1973, 1974) discounted the possibility that the 
porphyrins isolated were partial esters since they state that partial esters 
would remain at the origin in TLC systems using silica gel. Notwithstanding, 
to ensure that confusion with partial esters did not occur, their factions 
were re-esterified with methanol-sulphuric acid after initial purification«
These authors suggest that the ubiquitous occurrence of the sub-uros 
could indicate a regular metabolic origin. Some of the porphyrins were 
purified on TLC using silica gel and found to have weak UU maxima in the 
region 272-285. This suggested that they may be related to the X-porphyrins 
(Rimington et al., 1958) with a polypeptide or protein constituent.
Although slow mobility on TLC suggested the presence of hydroxyl groups, 
only some of the sub-uros were shown to increase in mobility on TLC after 
acetylation with acetic anhydride. One of the sub-uros from bovine faeces 
was found to increase in mobility on TLC after treatment with concentrated 
sulphuric acid but not after treatment with methanol-sulphuric acid. This 
finding suggested to Rimington and Llith that there was a binding of the 
porphyrin to a carrier such as protein or a polypeptide as had previously 
been suggested for the X-porphyrins of variegate urine and faeces.
Metal complexes with copper or iron were excluded as possible 
structures for the sub-uros since the compounds exhibited fluorescence.
Zinc complexes were possible but these generally have orange fluorescence 
which changes to red fluorescence after treatment with concentrated 
sulphuric acid - a property not observed with the sub-uros.
The number of porphyrins in the sub-uro fraction varies with the 
material studied. Rimington and With (1973, 1974) reported eight sub-uros 
in the urine of bovine congenital erythropoietic porphyria and five sub- 
uros in the urine of patients with porphyria cutanea tarda.
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SECTION__B
NOMENCLATURE
An interpretation of the literature and studies of the porphyrins 
present in the porphyrias is made difficult by the inconsistent nomenclature 
used. It is therefore proposed that the following nomenclature be used to 
define various fractions. These proposals are to be included in a paper 
about to be submitted for publication.
X. Ether-Soluble Porphyrins
This group includes all free porphyrins which are extracted into ether 
from an aqueous medium at pH 4. This fraction includes proto^meso, deutero, 
copro, isocopro and penta and is consistent with current usage.
II. Water-Soluble Porphyrins
Included in this group are all free porphyrins which remain in the 
aqueous phase at pH 4 after extraction with ether but which are extracted 
into ether after esterification with methanol-sulphuric acid. This fraction 
includes uro, hepta and hexa and so is consistent with usage before tho 
discovery of the porphyrins described by Gray et al. (1948).
XII* Water-Soluble Porphyrin Esters
This group includes all porphyrins which do not fit into the above 
categories and also are not bound to precipitates.
(a) Labile Water-Soluble Porphyrin Esters
This subgroup contains those porphyrins which, after esterification, 
remain in the aqueous after extraction with ether but give rise to ethsr- 
eoluble porphyrins after mild manipulations such as lyophilisation, 
esterification, TLC etc. This fraction would include the fraction described 
by Grosser £t al. (1971) which released haemato after removal from an ion- 
exchange column and also after lyophilisation.
(b) Stable Water-Soluble Porphyrin Esters
This subgroup includes all porphyrins which, after esterification, 
remain in the aqueous phase after extraction with ether and do not readily
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give rise to ether-soluble porphyrins after mild manipulation. This 
fraction would include the chromatographically pure water-soluble porphyrins 
(Poulos, 1973) and also the X-porphyrins (Riminqton et al., 1968) after 
removal from any precipitates.
II/. Water- and Ether-Insoluble Porphyrins
This category would include all porphyrins either free or esterified 
which are attached to precipitates after loosely-bound and labile components 
have been removed. The labile components released may include some or all 
of the above fractions. This term would include the stable parts of the 
biliary precipitates reported by Belcher et al. (1969), the faecal 
precipitates found by Rimington _et al. (1968) and the urinary precipitates 
found by Grosser et al. (1971).
SECTION C
THE PRESENT INVESTIGATION
It can be seen from the preceding literature survey, that no single 
component of the stable water-soluble porphyrin ester fraction in porphyria 
has been purified in sufficient amounts for identification. With the sub- 
uro fraction, although some bands have been purified, insufficient pure 
material has been prepared to complete structural identification.
The present investigation was undertaken in order to attempt the 
characterisation and investigate the properties of the water-soluble 
porphyrin esters and also the sub-uro fractions found in the faeces of 
patients with variegate porphyria. Also, certain synthetic water-soluble 
porphyrin esters were studied and their properties compared with the natural 
water-soluble porphyrin esters in order to assist with characterisation.
A study of these particular porphyrins may suggest better methods of 
diagnosis of the porphyrias involving estimation of the water-soluble 
porphyrin esters or the sub-uros. Moreover, a better understanding of the 
nature of the metabolic fault in variegate porphyria may result from these
investigations
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SECTION D
MATERIALS AND METHODS
(1) SOLVENTS AND REAGENTS
Reagents used in the experimental work were all of "Analytical Reagent" 
grade except for the following.
Technical ether was obtained from Drug Houses of Australia and was 
stored in the dark before use.
Chloroform containing 1% absolute ethanol was supplied by Riedel de 
Ha&n and also by Merck.
Cellulose pouder (standard grade) for adsorption of porphyrins was 
supplied by Whatman.
Paper used for electrophoresis was Whatman 3 MM in roll form.
TLC for preparing specimens of porphyrins for analysis was carried out 
on glass plates coated with silica gel G adsorbent supplied by Merck.
These plates were prepared in the laboratory.
All other TLC was carried out on silica gel using Merck pre-coateci 
aluminium backed sheets (Cat.no.5553). The adsorbent on the sheets was 
0.25 mm in thickness and did not contain fluorescent indicator.
Haemato was supplied by Calbiochem and was purified by TLC after 
esterification with methanol-sulphuric acid.
Tetramethyl haemato was kindly donated by the late Professor M.R. 
Lemberg.
Crystalline proto ester was a gift from Mr. W.H. Lockwood.
35Radioactive ( S)-sodium sulphite was purchased from the Radiochemical 
Centre, Amersham, U.K.
(2) PHYSICAL METHODS
(a) Detection of Porphyrins
The visible absorption spectra and fluorescence emission spectra of 
porphyrins in acid and in neutral solvents were viewed with a hand 
spectroscope.
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Porphyrins on TLC plates and electrophoresis paper were detected by 
their fluorescence under ultraviolet light.
(b) Thin-Layer Chromatography
(i) Washing and Activation of TLC Plates
The TLC plates used for analytical purposes were alloued to stand 
in a small amount of methanol in a chromatography tank overnight and then 
dried in air. Blue fluorescing and yellow-coloured impurities wero "pushed" 
to the top of the plates by this procedure. The plates were activated 
immediately prior to use by heating for 30 minutes in an oven at 105°C.
The pre-coated TLC plates supplied by Merck were used without prior 
washing in methanol. These plates were not used for the large scale 
preparations of porphyrins because they contain an organic binder which 
cannot be completely removed by chromatography in methanol.
(ii) Solvent Systems
The following solvent systems for developing TLC plates were used«
(A) Benzeneiethyl acetate:methanol (85:13.5:1.5;v/v)
(Doss, 1969).
(B) Benzene:methanol (99:l;v/v)
(C) Chloroform:methanol (99:l;v/v)
Chloroform:methanol (96.5:3.5;v/v)
Chloroform:methanol (85:15;v/v)
Chloroform:methanol (70:30;v/v).
(D) Chloroform.
It was very difficult to obtain completely reproducible Rf values for 
the porphyrins and the Rf values given in this thesis apply only in the 
particular contexts cited. Factors which may affect the Rf values include 
the amount of loading onto the chromatogram and also the change in solvent 
concentration as the solvent rises in the silica gel layer. This last 
effect is more apparent with the more polar solvent systems used in the
work described in this thesis
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(c) Instruments
(i) Visible end UU Spectrophotometry
A Varian recording spectrophotometer was used for determining the 
wavelengths of the Soret peak and the visible bands of the porphyrin 
solutions. The visible spectra were recorded in chloroform with, in the 
case of some of the synthetic water-soluble porphyrin esters, the addition 
of a few drops of methanol to aid solution. The Soret bands were measured 
in chloroform, 10%> (w/v) HC1 or in a mixture of 10% (w/v) HC1 and glacial 
acetic acid (l:l;v/v).
(ii) Infra-Red Spectrometry
Assistance in determining the infra-red spectra of porphyrins was 
given by Mr. David Burgess of the Organic Chemistry Department, the University 
of Sydney. The spectra were recorded in chloroform or in KBr discs.
Mr. Michael Withers of the Organic Chemistry Department, the 
University of Mew South Wales, Kensington, determined the infra-red spectra 
of very small amounts of porphyrins in KBr discs. Satisfactory spectra were 
recorded using 5 pg of porphyrin.
The samples of porphyrins could be recovered from the KBr discs 
by eluting with mixtures of chloroform-methanol. Recoveries from KBr discs 
were between 40 and 55%,
(iii) Mass Spectrometry
(A) Electron Impact Mass Spectrometry was carried out by 
Professor A.V. Robertson and staff of the Organic Chemistry Department, the 
University of Sydney. An operating voltage of 70 eV was used for all 
samples. The porphyrin esters were transferred as a solution in chloroform 
to the probe which was then inserted directly into the source.
(B) Chemical Ionization Mass Spectrometry on porphyrin samples 
was carried out by Mr. Derek Nelson of the Organic Chemistry Department, the 
University of New South Wales, Kensington. The samples were inserted on a 
probe directly into the source. The spectrometer was operated at a
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pressure of 0.5 Torr with the gas isobutane used for the chemical ionisation 
process.
Dr. 0. Vine of the School of Pharmacy, the University of Sydney, 
also carried out chemical ionisation mass spectrometry on porphyrin samples 
using similar conditions to those described above.
(C) Field Desorption Pass Spectrometry on porphyrins uas 
performed by Professor A.H. Oackson and staff of the Department of Organic 
Chemistry, University College, Cardiff, Wales.
The porphyrins were transferred to the filament with chloroform, 
care being taken not to overload. The wire current uas slowly increased in 
the range 10-20mA in order to obtain the best spectra.
(iv) High Pressure Liquid Chromatooraphy
High pressure liquid chromatography of porphyrin methyl esters uas 
carried out on a Dupont 830 liquid chromatograph by Hr. David Yau of the 
Biochemistry Department, Royal Prince Alfred Hospital, Camperdoun. The 
porphyrins in the eluate uere detected by a Dupont 837 variable wavelength 
recording spectrophotometer reading at 405 nm. Collection of purified 
porphyrin fractions was made possible by using a by-pass valve.
The retention times of porphyrin esters on HPLC varied depending 
on many factors including pressure, flow rate, packing material, etc., hence 
controls were chromatographed on each day that samples were run. uihen the 
machine had been set up and stabilised, it uas found that the retention 
times of the porphyrins remained constant.
In a typical separation of ether-soluble porphyrin methyl esters, 
a 50 cm column (internal diameter, 2 mm) packed with 5 micron diameter 
particles of silica gel uas used at a pressure of about 10,000 kPa. The 
eluting solvent uas a gradient of ethyl acetate in heptane initially about 
30% ethyl acetate and finally about 95%, The flow rate uas such that the 
concentration of ethyl acetate increased by about 10% per minute. Table 1 
shows typical retention times of the various porphyrin esters in a mixture
under the above conditions
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TABLE 1
Retention times of a Mixture of the Methyl Esters of Porphyrins on Hiqh
Pressure L.LC (for conditions see text).
Porphyrin Fraction Retention Time (minutes)
Proto and Meso esters 1.6
Copro ester (copper complex) 3.6
Copro ester 4.8
Isocopro ester 6.4
Pents carboxylic ester 8.0
Hexa carboxylic ester 10.2
Hepta carboxylic ester 11.5
Uro ester 12.9
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(3) CHEMICAL METHODS
(a) Esterification
(i) Methanol-Sulphuric Acid
Free porphyrins were esterified by the addition of methanol- 
sulphuric acid (9Q:5;v/v) to the porphyrins either in solution or in a dry 
form and the reaction mixture was allowed to stand for at least 15 hours in 
the dark. The amount of water in the medium was kept below 10% of the 
total volume to ensure adequate esterification. With (1971) has reported 
that up to 20% of water has little effect on ttie completeness of the 
esterification of uro. Prior to this, other workers had specified completely 
dry reagents for esterification.
A more rapid method for esterification which gave satisfactory 
results was by refluxing the porphyrins for 15 minutes in a solution of 
methanol-sulphuric acid (90:5;v/v).
(ii) Diazo-Methane
Diazo-methane in ether was prepared according to the method of 
Lipsky and Landowne (1963). The porphyrins to be esterified were dissolved 
in methanol-glacial acetic acid (0.1 ml;49:l;v/v) and the ethereal solution 
of diazo-methane was added until a yellow colour persisted.
The porphyrin esters were extracted into ether by partitioning 
the reaction mixture between water and ether. Alternatively the solution 
was concentrated and the diazo-methane was removed in a fume cupboard by 
passing nitrogen through the mixture.
(iii) Boron Trifluoride
Samples of porphyrins dissolved in methanol (l ml) were reacted 
with BF^ solution (l ml;14/£(w/v) in methanol) for 15 minutes at 60°C in a 
stoppered tube. The reaction was stopped by the addition of an equal 
volume of water to the mixture and the porphyrins extracted with a suitable 
solvent, either ether or chloroform.
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(b) Hydrolysis of Porphyrin Nethyl Esters
Samples of porphyrins containing esters of carboxyl groups were 
hydrolysed by wetting the samples with two drops of glacial acetic acid and 
then adding two drops of concentrated hydrochloric acid. The acid solution 
was allowed to stand for at least 15 hours at room temperature in the dark. 
After reaction, the mixture was evaporated to dryness in a vacuum desiccator.
Samples of porphyrins with methyl esters of strongly acidic functions 
(e.g. sulphonic methyl esters) were hydrolysed by dissolving samples in 
methanol and adding an equal volume of 1 PI The fluorescence was
checked at this stage to ensure the porphyrin was still in solution. If 
the fluorescence had been reduced, more methanol was added to keep the 
porphyrin in solution. The reaction was left for 30-60 minutes and after 
adjusting the solution to pH 4 with acetic acid, the porphyrins were 
extracted with chloroform or ethyl acetate and the extract evaporated to 
dryness. TLC in chloroform-methanol (85:15;v/v) and also benzene-ethyl 
acetate-methanol (85:13.5:1.5;v/v) was used to detect differences between 
reacted and unreacted porphyrins.
(c) Acetylation of Hydroxyl Groups
To detect porphyrins containing one or more hydroxyl groups, the 
following modification of Barrett’s method (1959) for acetylation was used.
To a dried sample of porphyrin ester was added a solution of pyridine- 
acetic anhydride (9:1;v/v) and the reaction mixture allowed to stand for 
15 hours in the dark at room temperature.
The solvents were evaporated after the reaction and samples of the 
reacted and unreacted porphyrins were compared by TLC in a suitable solvent 
system. An increase in mobility indicated the presence of an hydroxyl or 
amino group in the starting material. Some idea of the number of hydroxyl 
groups present in the molecule could be obtained by comparing the increase 
in mobility with the mobility of a compound such as haemato ester which 
contains two hydroxyl groups.
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(d) Spot Test for Sulphonic Acid Groups
Spot tests for sulphonic acid groups were carried out according to the 
method of Feigl (1966).
The water-soluble porphyrin esters to be tested wore first purified by 
TLC in chloroform-methanol (85:15;v/v). The pure porphyrin esters were 
eluted with chloroform and the solvent evaporated. A feu drops of 10% (w/v) 
HC1 uere added and the HC1 removed in vacuo to ensure any sodium salt uas 
converted to the free acid. The samples uere fumed with a feu drops of 
thionyl chloride. The product uas treated uith tuo drops of a saturated 
alcoholic solution of hydroxylamine hydrochloride and a drop of acetaldehyde, 
then made slightly alkaline uith 5% sodium carbonate solution. After a feu 
minutes, the mixture uas acidified uith CL5 Pi HC1. One drop of a dilute 
aqueous solution of ferric chloride uas added and the formation of a brown 
to violet colour or precipitate uas taken as a positive test for a sulphonic 
acid group.
(e) Test for Sulphate Esters
To test for sulphate ester groups an alkaline solution of hydroxylamine 
hydrochloride uas prepared by dissolving hydroxylamine hydrochloride (lg) in 
water (5 ml) and making up to 10 ml with 1 PI l^CO^ (Placlaren, pers. comm.)
A uater-soluble porphyrin ester to be tested for sulphate ester groups 
uas dissolved in one drop of methanol and to this solution uas added one 
drop of hydroxylamine hydrochloride solution. The solution uas allowed to 
stand for 5 minutes and any ether-soluble porphyrin esters wore extracted 
uith ether and water-soluble porphyrin esters remaining in the reaction 
mixture were extracted uith chloroform. The tuo extracts were evaporated 
and compared by TLC uith controls of unreacted porphyrins and suitable 
markers.
If a sulphate ester group uas present on a uater-soluble porphyrin 
ester then treatment of the porphyrin uith hydroxylamine would release 
ether-soluble porphyrins.
(f) Formation of Cooper Complexes of Porphyrins
Copper complexes of porphyrins were formed by first dissolving the 
sample in a small volume of methanol. To this solution was added a 
solution of copper acetate in methanol and the mixture was gently heated in 
a water bath. The extent of the reaction was followed with a hand spectro­
scope and the characteristic four-banded, "neutral", spectrum of the 
porphyrin changed completely to the intense two-banded, spectrum of the 
copper complex. Another effect of the chelation was a quenching of the 
fluorescence when conversion to the copper complex was complete. The 
copper complexes of the porphyrins were extracted with ether or chloroform 
and the solvent evaporated.
(9) Formation of Free Acids of the Synthetic Water-Soluble Porphyrin 
Fsters
To convert the sodium salts of synthetic water-soluble porphyrin esters 
to the acid form, the porphyrin ester (about 30 mg) was dissolved in 1%
(w/v) HC1 (about 10 ml) after addition of a few drops of methanol. The 
acidic solution was then extracted exhaustively with either ethyl acetate 
or butanol (about 10 ml) for the more polar porphyrins. The organic phase 
was then washed well with water until it showed a "neutral", four-banded 
porphyrin spectrum. The ethyl acetate and butanol extracts were evaporated 
to dryness and several drops of methanol added for dissolution. The 
porphyrin ester was precipitated with ether and the suspension centrifuged.
After repeating the .precipitation, the product was dried in vacuo for one hour.
35(h) Incorporation of S into Synthetic Water-Soluble Porphyrin Esters 
35Incorporation of S into synthetic water-soluble porphyrin esters was
35carried out by the addition of ( S)-sodium sulphite to the reaction mixture 
used for synthesis of the porphyrins (page 47 ), Any radioactive product 
was separated by TLC and detected on the chromatogram using a radioactivity 
scanner and also by autoradiography.
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(4) ESTIMATION OF PORPHYRINS
Solutions of porphyrins were estimated spectrophotomotrically in a 
cell of 1 cm light path according to the method of Rimington and Sveinsson 
(i960) with certain modifications.
The amount of porphyrin in acid solutions was calculated from the 
recorded spectra by constructing a straight line on the spectrum between 
the absorbancies 390 nm and 425 nm. A tangent was drawn parallel to this 
line to touch the curve at A max. A line dropped perpendicularly from 
A max to the original construction gave an interval of absorbancy, A  A.
The absorbancy A  A was taken to be proportional to the amount of porphyrin 
present. The amount of porphyrin was calculated by the following formula
Amount of porphyrin (jjg) in volume V (ml)
= A  A x 2 x V (acid solutions).
The construction for alkaline or neutral solutions was made similarly 
except that the straight line was drawn between the absorbancies at 380 nm 
and 425 nm on the spectrum. The absorbancy, A A, proportional to the amount 
of porphyrin was calculated by the following formula.
Amount of porphyrin (jjg) in volume, V (ml)
= A  A x 4 x V (alkali or neutral solutions).
Fractions of porphyrins that were insoluble in 10^ (w/v) HC1 were 
dissolved in methanol-sulphuric acid (90:5;v/v) and also in 10/o (w/v) HC1: 
glacial acetic acid (1:1;v/v) and the porphyrin content was estimated in 
each solution as described above for acid solutions.
(5) CONTAMINATION COEFFICIENT
The contamination coefficient is a measure of the coloured impurities 
present in the preparations of the porphyrins. The absorbancy of porphyrin 
material at 425 nm is very low compared to that of the impurities; hence 
using the formula below a pure porphyrin solution is characterised by a low 
contamination coefficient.
Contamination Coefficient 
.. A  A*25 
A  A max
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(6) METHODS DEVELOPED FDR THE STUDY OF FAECAL PORPHYRINS
To simplify the usual methods of diagnosis of porphyria a rapid test- 
tube method requiring small quantities of faeces was developed. The 
analysis could be carried out in a much shorter time than conventional 
techniques, did not require the use of separating funnels and hence 
several analyses could conveniently be carried out simultaneously,
(a) The Ether-Soluble Porphyrin Esters
A dry weight determination was made by taking approximately 0,5 g wet 
weight faeces and drying down under high vacuum overnight. An accurate 
weighing of the faeces before and after drying gave a measure of the water 
content in the faeces for the ensuing calculations.
To &25 g wet weight of faeces (weighed accurately) in a centrifuge tube, 
3 ml methanol-sulphuric acid (90:5;v/v) was added and the mixture heated at 
60-65°C for 15 minutes. The mixture was centrifuged and the supernatant 
decanted into a test tube. Dilute sodium acetate solution (9 ml: saturated 
sodium acetate: water; 1:6; v/v) and 8 ml of ether were added to the super­
natant and the mixture shaken vigorously. The pH was tested and adjusted, 
if necessary, to pH 4. The ether layer was transferred to a second test 
tube with a Pasteur pipette and a further extraction using 6 ml of ether 
alone was carried out and the ethereal extracts pooled. (The aqueous phase 
was kept for determining the water-soluble porphyrin esters as shown on 
page 38). The ethereal solution was extracted with 10/o (w/v) HC1 ( 2 x 5  ml) 
and half of these pooled extracts was read spectrophotometrically to 
determine the porphyrin content. The remainder of the acid extract was 
adjusted to pH 4 in a test tube and the porphyrins extracted by shaking 
with 4 ml of ether. The ether was evaporated with a stream of nitrogen 
and the residue was analysed in one of three ways -
(i) TLC in benzene: ethyl acetate: methanol (85:13*5:1.5;v/v) 
was carried out using markers of proto, copro and uro esters.
The TLC plate was scanned spectrofluorimetrically and the
output integrated to yield a percentage composition of the 
individual porphyrin components*
(ii) HPLC was carried out and similarly, integration of the 
peaks detected gave the percentage composition of the porphyrins 
present«
(iii) In this,the main method used, the porphyrin esters were 
hydrolysed overnight with a mixture of 2 drops of glacial acetic 
acid and 2 drops of concentrated HC1. The mixture uas evaporated 
to dryness and electrophoresis on paper in 0,04 FI
containing 0«004 Fl Na^ EDTA uas used to separate the porphyrins 
into bands according to the number of carboxyl groups present*
The bands were eluted with 1Q% (w/v) HC1, the porphyrin content 
of each eluate determined and the porphyrin composition calculated« 
(b) The^ Water-Soluble Porphyrin Esters
Residual ether uas removed from the aqueous residue described in 
section (a) with a stream of nitrogen and the precipitate remaining in the 
aqueous layer uas romoved by centrifugation and the supernatant retained 
(see below). The precipitate was washed once with water and then uas 
dissolved in 2 ml methanol-sulphuric acid (90:5;v/v)« The solution 
adjusted to pH 4 with dilute sodium acetate solution (5 ml) and the mixture 
extracted with 3 ml of ethyl acetate« The ethyl acetate solution was 
estimated spectrophotometrically for porphyrin content and was then 
evaporated to dryness and the residue chromatographed on TLC alongside 
markers of synthetic water-soluble porphyrin esters* A measure of the 
amount of water-soluble porphyrin esters present was made by eluting each 
band individually and reading the eluates spectrophotometrically.
The supernatant (l volume) was acidified with concentrated HC1 (0.4 
volumes) and the porphyrin content measured spectrophotometrically. Values 
for porphyrin content were recorded as pg of porphyrin / g dry weight of
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faeces
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(*7) DIAGNOSIS OF THE PORPHYRIAS
The general diagnosis of patients with suspected porphyria was made by 
various techniques.
The levels of ALA and PBG in urine were determined according to the 
technique of Flauzerall and Granick (1956) using ion-exchange chromatography.
The total amount of porphyrin excreted in the urine was determined 
after acidifying one volume of urine with four volumes of 10% (w/v) HC1 and 
measuring the spectrum of the solution on a Varian recording spectrophoto­
meter, The porphyrin content was calculated as described on page 36,
The porphyrins in the faeces were separated and each determined 
quantitatively as described in the preceding section. The porphyrins in the 
urine were similarly esterifiedyextracted and separated.
The porphyrin levels in the blood were determined by the method of 
Heller jet al.(1971).
A diagnosis of porphyria in a subject was made by a comparison of the 
levels of porphyrins and porphyrin precursors in the subject’s urine, faeces 
and blood with the values given in Tables 2 and 3. As well, consideration 
was given to the symptoms expressed and any hereditary involvement (Table 4) 
in order to aid the diagnosis.
(8) SPECIMEN COLLECTION
Faecal specimens were stored at -20°C after receipt. For the large 
scale preparations of the natural water-soluble porphyrin esters, methanol 
was added as a preservative to the specimens until they could be frozen.
Urine specimens were frozen until analyses for porphyrins and porphyrin 
precursors could be carried out.
Blood was analysed for the levels of porphyrins within 24 hours of 
collection.
(9) PREPARATION AND PURIFICATION OF NATURAL WATER-SOLUBLE PORPHYRIN ESTERS
Two methods for preparing pure specimens of natural water-soluble
porphyrin esters were used in the work reported in this thesis. The first
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TABLE 2
Values for amounts of Urinary Porphyrins and Precursors generally found 
in the Porphyrias«
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*/-ALA 6 N or + N + N or + N N
(pg/ml)
PBG 2 N or + N + M or + N N
(/jg/ml)
Total Urinary 200 + + N or + + N +
Porphyrin
( H 9 / l )
Composition
(jjg/i)
Copro 140-180 + or N N N + N +
Isocopro trace N + N N N N
Penta trace + o u s + N N N +
Hexa trace N + N N N +
Hepta trace N * + N N N +
Uro 20-60 + or N + N or + N N +
Red Blood 0-60 N N N N + +
Cell
Porphyrin
(fjg/lOO ml
RBC)
N = normal level 
+ = raised level
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TABLE 3
Values for amounts of faecal porphyrins generally found in the Porphyrias,
Co
mp
on
en
ts
No
rm
al
s
Va
ri
eg
at
e
Po
rp
hy
ri
a
To
xi
c
Po
rp
hy
ri
a
Ac
ut
e
In
te
rm
it
te
nt
Po
rp
hy
ri
a
He
pa
ti
c
Co
pr
o-
Po
rp
hy
ri
a
Er
yt
hr
o­
po
ie
ti
c
Pr
ct
o-
Po
rp
hy
ri
a
Total Faecal 100 + + N + + o V 2
Ether-Soluble
Porphyrin
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Faecal Water- 0 + N or + N N N
Soluble
Porphyrin
Esters as % of
Total Ether
Soluble Esters
(jjg/g dry ut)
Faecal Ether
Soluble
Porphyrin
Esters
Composition
(pg/g dry ut)
Proto 70-30 + N N N +
Copro 30-70 ' + N N + N
Isocopro trace N + N N N
Penta trace + + N + N
Hexa trace N + N N N
Hepta trace N + N N N
Uro 1-5 N + N N N
(0 
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U  O
Io u
P  »H
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N = normal level
+ = raised level
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TABLE 4
Symptoms Expressed and Hereditary Involvement in the Porphyrias.
Porphyria Symptoms Expressed Hereditary Involvement
Variegate Porphyria photo-sensitivity and/or 
neurological disturbances
Mendelian dominant
Toxic Porphyria photosensitivity only some hereditary 
involvement only 
mainly liver damage
Acute Intermittent 
Porphyria
neurological disturbances 
only
Mendelian dominant
Hepatic Coproporphyria photosensitivity and/or 
neurological disturbances
Nendalia'i dominant
Erythrohepatic
Protoporphyria
photosensitivity only Mendelian dominant
Erythropoietic Porphyria photosensitivity only Mendelian recessive
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method ("Acetic Acid Method", Poulos, 1973) involved partial purification 
of the porphyrins on cellulose columns and after esterification, the 
porphyrin esters were separated by TLC. The second method ("Esterification 
Method"), developed for tho present work, involved on initial esterification 
and because the method is quicker it can be used in a modified way for 
screening purposes.
(a) Acetic Acid Method
A thick slurry of faeces in methanol uas prepared by homogenisation.
The slurry was shaken with three volumes of glacial acetic acid in stoppered 
centrifuge tubes and the suspension centrifuged. The supernatant was 
collected and the extraction repeated with two volumes of glacial acetic 
acid.
The combined acetic acid extracts were added to four volumes of ether in 
a separating funnel. Sufficient water was addGd to form two layers after 
shaking. The precipitate which formed and the aqueous phase were collected 
and three further extractions of the ethereal solution with water were made. 
The ether was kept for isolation of ether-soluble porphyrins as described 
later (page 45)*
Tho combined aqueous extracts and precipitate were extracted three 
times with three volumes of ether (total of nine volumes) to remove traces 
of ether-soluble porphyrins.
The aqueous extract was warmed gently with shaking to evaporate 
dissolved ether and centrifuged. The supernatant and the precipitate both 
contained a rich supply of water-soluble porphyrins and the purification of 
these two fractions is given separately.
(i) Treatment of the Precipitate
The precipitate was washed once with water and then extracted 
twice with 5 volumes of 10% (w/v) HC1. The combined extracts were adjusted 
to pH 4 with an equal volume of saturated sodium acetate solution.
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Five bed-volumes of neutralised extracts were passed through one 
bed-volume of powdered cellulose in a column* The column was washed well 
with water to remove most of the brown and the blue fluorescing material, 
and the adsorbed porphyrins were eluted with 10/6 (w/v) MCI as a compact 
pink band.
Porphyrin with a lower contamination coefficient (see page 36) 
could be obtained from the eluate by repeating the chromatographic procedure 
after adjusting the pH of the eluate to 4.
(ii) Treatment of the Supernatant
To one volume of supernatant was added one-third of a volume of 
concentrated HC1. The solution was immediately adjusted to pH 4 with an 
equal volume of saturated sodium acetate solution.
Hater-soluble porphyrins ware then isolated from this solution by 
chromatography on a cellulose column in the manner described for the 
precipitate.
(iii) Esterification and Separation
One volume of the 10/6 (w/v) HC1 eluate from the cellulose column 
containing purified water-soluble porphyrins was added to nine volumes of a 
solution of methanol-sulphuric acid (90:5;v/v).
After standing the solution for at least 15 hours at room 
temperature in the dark, the solution was adjusted to pH 4 by adding 3 
volumes of dilute sodium acetate solution and after transferring the 
solution to a separating funnel, the porphyrin esters were extracted 
exhaustively with chloroform or ethyl acetate.
The chloroform or ethyl acetate and tho trace of acetic acid 
present were removed from the extract on a rotary evaporator. After drying, 
the water-soluble porphyrin esters were dissolved in a small volume of 
chloroform in the presence of a trace of methanol. The porphyrin esters 
wore separated by TLC in chloroform-methanol (85:15;v/v).
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(b) Esterification Method
A thick slurry of faeces in methanol was prepared by homogenisation.
To this slurry was added 4 volumes of methanol-sulphuric acid (9Q:5;v/v) 
and after mixing, the mixture was allowed to stand for 15 hours at room 
temperature in the dark. The supernatant was poured carefully from the 
sediment. To each volume of methanol-sulphuric acid extract was added 
three volumes of dilute sodium acetate solution to give a final pH of 4, 
and the mixture was extracted twice with one-fifth of a volume of ether.
The ether was retained for isolation of the ether-soluble porphyrin esters 
(page 46) and the precipitate which formed at the interface was collected 
and washed twice with two volumes of ether. Traces of ether still 
remaining in the suspension were removed by evaporation on a hot water 
bath, the suspension centrifuged and the supernatant discarded.
The precipitate was then extracted twice with 3-4 volumes of 1U% (w/v) 
HC1 and the extracts pooled. The extracts were then adjusted to pH 4 with 
an equal volume of saturated sodium acetate solution and the porphyrins 
removed by two extractions with ethyl acetate (one-tenth volume each). The 
ethyl acetate extracts were pooled and evaporated and the porphyrins 
separated by TLC with chloroform-methanol (85:15;v/v).
(iO) PURIFICATION OF NATURAL ETHER-SOLUBLE PORPHYRIN F1ETHYL ESTERS
Ether-soluble porphyrin esters were prepared from the faeces of patients 
with variegate porphyria by two methods.
(a) Acetic Acid Hethod
The ethereal solution remaining after removal of the natural water- 
soluble porphyrins prepared by acetic acid extraction (page 43 ) was 
extracted with approximately one-eighth volume of 10^ a (w/v) HC1 three times. 
The pooled extracts were adjusted to pH 4 with an equal volume of saturated 
sodium acetate solution and the porphyrins extracted with ether (one- 
eighth volume). The ether extract was washed well with water and then 
evaporated to dryness. Methanol-sulphuric acid (90:5;v/v) was added and
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the mixture allowed to stand for 15 hours in the dark at room temperature.
The porphyrin esters were then extracted with ether after adjusting to 
pH 4 with dilute sodium acetate solution and the ether was extracted twice 
with 1 H to remove partially esterified porphyrins followed by one
wash with water. The ether extract was evaporated to dryness and the 
porphyrin esters separated by TLC as described below.
(b) Esterification Method
The ethereal solution remaining after removal of the natural water- 
soluble porphyrins prepared by the esterification method (page 45 ) was 
extracted with approximately one-eighth volume of 10% (w/v) HC1 three times. 
The porphyrin esters were returned to ether after adjusting the pH of the • 
acid extracts with sodium acetate to pH 4. The ether extracts were washed 
once with 1 M and twice with water. After evaporation of the ether
extracts to dryness, the porphyrin esters were separated as described 
below.
(li) SEPARATION OF NATURAL ETHER-SOLUBLE PORPHYRIN ESTERS
The natural ether-soluble porphyrins were isolated and purified as 
their esters from the faeces of patients with variegate porphyria as 
described on page 45.
The porphyrin esters were separated by TLC in benzene-ethyl acetate- 
methanol (85:13.5:1.5;v/v). Porphyrin esters migrating below uro ester 
were eluted with methanol and evaporated to dryness ("sub-uro" fraction).
The porphyrins in this fraction were separated on TLC in benzene-methanol 
(98:2;v/v) or in chloroform (containing 1%> ethanol) by developing the 
plate several times. The TLC plates were allowed to dry in air between 
each run. This method gave good separation of porphyrins which normally 
migrated close together. A marker consisting of the methyl esters of 
proto, copro, uro and haemato was used for comparison.
The silica gel containing the porphyrin bands was scraped from the 
plate, eluted with methanol. The porphyrin esters were extracted into
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ether after addition of three volumes of water to the methanol. The ether 
extracts were evaporated to dryness by passing nitrogen through the 
solution.
(12) SYNTHESIS AND PURIFICATION OF WATER-SOLUBLE PORPHYRIN ESTERS
The method given is that finally adoptad for the preparation of the 
synthetic water-soluble porphyrin esters, experiments to determine the 
optimal conditions of reaction are described in the Results section.
Synthetic water-soluble porphrin esters were prepared by reaction of 
an aqueous solution of sodium metabisulphite (saturated solution diluted 
5 times) with an equal volume of haemato hydrochloride dissolved in 
glacial acetic acid at 90-95°C in a loosely stoppered tube. The concent 
tration of haemato in the reaction mixture was less than 5% (w/v). After 
15 minutes,9 volumes of methanol-sulphuric acid (90:5;v/v) were added and 
the mixture left overnight at room temperature.
Chloroform or ethyl acetate was added to the mixture and after 
adjusting the pH to 4 with 3 volumes of sodium acetate solution, the 
suspension was shaken vigorously. Porphyrins remaining in the aqueous phase 
were extracted with n-butanol.
The chloroform and ethyl acetate extracts were evaporated to dryness 
and TLC in the chloroform-methanol (85:15;v/v) solvent system was used to 
separate and purify water-soluble porphyrin esters in the residue.
The n-butanol extracts were also evaporated and the residue separated 
by TLC using chloroform-methanol (70:3O;v/v).
The porphyrin esters were eluted from the TLC plates with methanol and 
the eluates were evaporated. A few drops of methanol were added and the 
porphyrins precipitated by the addition of ether. After centrifugation, 
the precipitate was washed with aliquots of ether and then dried jm vacuo.
40
SECTION E 
RESULTS
SYNTHETIC WATER-SOLUBLE PORPHYRIN ESTERS
(l) STUDIES ON THE SYNTHESIS OF WATER-SOLUBLE PORPHYRIN ESTERS
There was some evidence that some natural water-soluble porphyrin esters 
might contain a sulphonic acid group (refer page 18)# Accordingly,the 
synthesis of authentic sulphonated porphyrins was attempted in order that 
their properties could be compared with those of the natural water-soluble 
porphyrin esters.
(a) Conditions using Haemato
The final method chosen for the synthesis of the sulphonated water- 
soluble porphyrin esters is presented on page 47. However, a range of 
conditions for the synthesis was examined in order to find the most suitable.
(i) The Effect of pH
The reaction of haemato with sodium metabisulphite was tested 
under acidic and alkaline conditions and the products compared by TLC.
The reaction under acidic conditions was carried in acetic acid 
as described on page 47 and the products were estorified with methanol- 
sulphuric acid (90:5;v/v). The reaction under alkaline conditions was 
carried out by dissolving haemato in 2% (w/v) ammonia and adding an equal 
volume of dilute sodium metabisulphite (saturated solution of Na2 S2 0 5  
diluted five times) and heating for 15 minutes at 90°C. The products were 
esterified with methanol-sulphuric acid (90:5;v/v). An aliquot removed 
from each mixture and tested for ether-solubility showed that the porphyrins 
were mainly water-soluble in nature. The porphyrin esters from the bulk 
solutions were extracted with chloroform at pH 4.
Chromatography in chloroform:methanol (85:15;v/v) of the products 
from the acidic and alkaline reactions with a control of haemato which was 
not reacted showed the following. In the control, virtually all of the
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porphyrin esters migrated to the front along with a marker containing proto, 
copro, uro and haemato esters. In both of the reacted samples only about 
half of the porphyrin esters migrated to the front. As well, in both of the 
reacted samples, at least two major porphyrin components were observed with 
Rf values of 0,3 and 0.2 called water-soluble porphyrin ester 1 (USPl) and 
U1SP2 respectively. Both samples also showed appreciable amounts of 
porphyrins at the origin called li/SPO. In the alkaline reaction however, 
breakdown of the porphyrin nucleus had probably occurred as demonstrated by 
the brown humin-like streaking throughout the chromatograms. This 
destruction was not apparent in the sample reacted under acidic conditions.
After thorough extraction of the esterified reaction mixtures 
with chloroform it was observed that significant amounts of porphyrins 
remained in the aqueous phase. The aqueous phase thus contained porphyrins 
made extremely hydrophilic by the reaction procedure and could not be 
extracted with chloroform. By extraction with butanol, followed by TLC, 
this fraction was shown to be mainly UISP0.
(ii) The Effect of Temperature
The formation of water-soluble porphyrin esters by reacting haemato 
with sodium metabisulphite at 90°C for 15 minutes followed by esterification 
was compared with their formation at room temperature after 15 hours 
followed by esterification.
The reaction mixtures were identical in composition and were 
described on page 47. After reaction, the products were esterified with 
methanol-sulphuric acid (90:5;v/v) and the products of esterification 
compared by TLC.
No obvious differences in the products were noted by TLC in 
chloroform-methanol (85:15;v/v). Both samples contained bands at USP1,
USP2 and at liiSPO. As well, there was unreacted haemato ester at the front 
of the chromatogram. However, in the reaction allowed to occur at room 
temperature for 15 hours considerable destruction of the porphyrins had
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occurred as seen from the great decrease in the intensities of the visible 
absorption bands.
(iii) Comparison of Na2S205 and fJa2^03 as reactants
Two reaction mixtures for preparing synthetic water-soluble 
porphyrin esters were set up. One mixture was prepared as set out on 
page47 and the other mixture by replacing the f\la2S20s with Na2S03. The 
reactions were carried out at 90°C for 15 minutes and the products 
esterified with methanol-sulphuric acid (90:5;v/v). After extraction with 
chloroform, the esterified products were then compared by TLC to see if the 
nature of the two salts used was critical for the reaction.
In chloroform:methanol (85:15;v/v), no differences in the relative 
amounts of water-soluble porphyrin esters produced were observed. In 
benzene:ethyl acetate:methanol (85:13.5;1.5;v/v), only the presence of one 
additional minor band was observed in the reaction mixture containing 
Na2S03.
The results suggest that either salt can be used in the preparation 
of water-soluble porphyrin esters. However, throughout tho work described 
in this thesis, Na2S205 was employed for sulphonation except for the 
synthesis of radioactively labelled porphyrins for which ( ^ S ^ f ^ S O ^  was 
used.
(iv) Study of Products produced at different Times by Reaction of 
Haemato with fJa?S?Qc;
Haemato was reacted with (\la2S2O5 as described on page 47 for 
various periods of time. Methanol-sulphuric acid (90:5;v/v) was added 
(9 volumes methanol-sulphuric to 1 volume of bisulphite reaction mixture) 
in order to stop the reaction and to esterify the products. After standing 
at room-temperature for 15 hours the porphyrin esters were extracted into 
chloroform. Any porphyrin esters remaining in the aqueous phase were 
extracted with n-butanol. The amounts of porphyrin esters extracted in both 
the chloroform and butanol were estimated spectrophotometrically and the
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results are given in Table 5,
The chloroform extracts were evaporated and the porphyrins were 
separated by TLC in chloroformimethanol (85:15;v/v). The amounts of 
porphyrin esters at the front, at the positions of WSP1, W5P2 and liJSPO were 
determined by eluting the bands from the plates with methanol and reading 
the solutions spectrophotometrically (Table 6), Two controls were run with ard 
without the addition of Na2S205. both for zero time of reaction.
Apparent from the results is the increase in absorbance early in 
the reaction. However, there is also a parallel loss of the porphyrins 
which becomes predominant in the samples reacted for 60 minutes.
(b) Reaction of Haemato with (35s)~i\iS2S03
To investigate whether the reaction of haemato with Na2S03 followed by 
esterification yielded water-soluble porphyrin esters containing sulphur, 
the reaction was carried out as described on page 47 but with the use of 
radioactive ('55S)-f\Ja2S02 instead of [\la2S205. Previous results showed there 
to be little difference in the products of reaction between Na2S03 and 
l\!a2S205 (pageSO).
After reaction for 15 minutes at 90°C, the mixture was treated with 
methanol-sulphuric acid (9Q:5;v/v) for 15 hours at room temperature and the 
products extracted with chloroform. TLC in chloroformimethanol (85:15;v/v) 
followed by autoradiography showed the main water-soluble porphyrin ester 
bands USP1, USP2 and USPO were radioactive. A radioactive scanner recorded 
most /3 -radiation to be at the position of the main water-soluble porphyrin 
ester bands USP1, USP2 and liJSPO as well as a trace at the solvent front*
(c) Efficiency of Etherification of Hydroxvl Gromjs using Methanol- 
Sulphuric Acid
The effect of etherification of the hydroxyl groups of haemato ester 
was examined because of the possible relevance to the esterification of the 
natural ether- and water-soluble porphyrin esters which may also contain 
hydroxyl groups.
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TABLE 5
Study of the Reaction of Haemeto with Na2S205 for Various Times of Incubation
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TABLE 5
Relative amounts of Porphyrins in the Chloroform Extracts after Various 
Times of Synthesis
Time of Synthesis 
(mins.)
Percent.at 
Front of 
TLC
(Starting
Material)
Percent.at 
USP1 
(Rf 0.3)
Percent.at 
USP2 
(Rf 0.2)
Percent.at 
USP0 
(Rf 0)
2 74.5$ 3.3$ 20.1$ 2.0$
5 46.5$ 5.9$ 43.4$ 4.2$
30 SA% 23.4$ 57.6$ 13.6$
60 3.3$ 20.9$
------- -- -----
45$ 30.8$
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Haemato ester was purified by TLC (chloroform solvent) and used at 
once before breakdown occurred* One sample of pure haomato ester was 
divided into three aliquots* One aliquot was used as a control. The other 
two aliquots were treated with methanol-sulphuric acid (90:5;v/v); one was 
kept at room temperature for 15 hours and the other was refluxed for 15 
minutes. All three solutions were extracted with ether after adjustment to 
pH 4 with sodium acetate solution and the ethereal extracts were compared by 
TLC in the chloroform solvent system with suitable markers.
The haemato ester control displayed only one band with an Rf of 0.1.
The haemato sample which had been esterified at room temperature showed the 
presence of two approximately equal, faint bands at Rf 0.4 and 0.35 with the 
major portion of the fluorescence migrating with the haemato control. The 
haomato sample which had been esterified under reflux for 15 minutes showed 
these bands also but there was a major band migrating at a position 
corresponding to tetramethyl haemato (Rf 0W75). There was a residual 
amount of haemato ester which had not been converted. Table 7 shows the 
relative amounts of products formed in these experiments.
The two bands with Rf values of 0.4 and 0.35 were purified by TLC and 
reacted with acetic anhydride as described on page as a test for hydroxyl 
groups. The acetylated porphyrins migrated with an increased mobility close 
to tetramethyl haemato. The controls of unreacted porphyrins migrated with 
unchanged mobility. From their mobilities, both before and after acetylation, 
it appears that these compounds only possess one hydroxyl group each since 
haemato ester, containing 2 hydroxyl groups has an increased mobility after 
acetylation of about twice that given by the porphyrins with Rf values 
0.35 and 0.4.
A conclusion drawn from this experiment was that any finding of 
methoxylated porphyrins (Poulos, 1973) in the faeces which have been 
extracted with methanol-sulphuric acid must be treated cautiously since 
even at room temperature treatment of porphyrins with methanol-sulphuric
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TABLE 7
Relative amounts of products formed after etherification of haemato ester 
at two different temperatures
Product
Amount of Porphyrin 
in control os 
percent.of total
Amount of porphyrin 
from esterification 
at room temp, as 
percent,of total
Amount of porphyrin 
from esterification 
under reflux as 
percent, of total
Haemato ester 100 95 26
Porphyrin at 
Rf 0.4
not detected 2.5 12.5
Porphyrin at 
Rf 0.35
not detected 2.5 12.5
Porphyrin at 
Rf 0.0 
(tetramethyl 
haemato)
not detected not detected 49
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acid can cause the formation of methoxyl groups.
(d) Attempts to synthesise water-soluble porphyrin esters other than 
those derived from Haemato
Attempts were made to synthesise water-soluble porphyrin esters using 
porphyrins other than haemato as starting materials in order to ascertain 
the groups necessary for the reaction with sodium metabisulphite to occur.
Samples of the methyl esters of proto, copro, uro, haemato and 
tetramethyl haemato were reacted for 15 minutes at 90°C with sodium meta­
bisulphite (page 47). A reaction with haemato as a control was also set up. 
An aliquot was removed from each reaction mixture at this stage to test for 
ether-solubility. Host of the porphyrins in each sample remained ether- 
soluble except in the haemato sample which was mainly water-soluble. The 
reaction mixtures were then added to methanol-sulphuric acid (90:5;v/v) and 
esterification allowed to proceed for 15 hours at room temperature. The 
total amount of water in the esterifying solution was kept below 10^ of the 
total volume. The porphyrin esters were extracted with chloroform aftor 
adjusting the pH to 4 with sodium acetate solution. The porphyrin esters 
were compared by TLC in chloroform-methanol (85:15;v/v) and also in 
chloroform, with suitable porphyrin ester markers.
TLC in chloroform indicated very little reaction of the porphyrins to 
form new ether-soluble bands had occurred. The proto, copro and uro esters 
and also tetramethyl haemato after reaction with sodium metabisulphite 
migrated with the controls which had not been reacted. Very little 
fluorescence due to porphyrin remained at the origin. With the free haemato 
and haemato ester, however, most of the porphyrins remained at the origin. 
This lack of mobility was displayed similarly by the WSP1 and USP2 samples 
used as markers.
In chloroform-methanol (85:15;v/v), most of the reacted samples of 
proto, copro and uro esters and also tetramethyl haemato migrated to the 
front as did the respective controls which were not reacted with sodium
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metabisulphite. In the» proto sample a small amount of porphyrin was 
observed migrating with an Rf value of 0,25 with further small amounts 
migrating with the two synthetic porphyrins USPl and USP2 used as markers, 
Uith the free haemato and haemato ester samples which had been reacted with 
sodium metabisulphite, some porphyrin was seen to migrate with the front 
with the unroacted controls but a substantial amount of the total porphyrins 
was observed at Rf 0.3 and 0.2 i.e. at the positions where the synthetic 
porphyrins, USP1 and WSP2, are found. The free haemato and haemato ester 
samples which were reacted with sodium metabisulphitc, were almost 
indistinguishable both in relative amounts and in numbers of bands.
After the reaction of tetramethyl haemato with !\la2S205, TLC in 
chloroform:methanol (85:15;v/v) showed most of the porphyrin at the front 
but there were also small amounts of porphyrin at the USP1 position, at the 
USP2 position and also porphyrin migrating between these two bands.
The results suggest that a free hydroxyl group and not a free carboxyl 
group is necessary for the formation of the synthetic water-soluble porphyrin 
esters. The trace amounts of water-soluble porphyrin esters that appear in 
the proto specimen could have arisen after the formation of an hydroxyl 
group during the reaction and in the tetramethyl haemato specimen from the 
prosence of haemato impurities.
(e) Study of the Ether-Soluble Compounds formed during the Synthesis 
of the Water-Soluble Porphyrins
In order to clarify the structures of the possible intermediates in the 
formation of the synthetic water-soluble porphyrins from haemato, a chloro­
form extract of haemato ester treated with sodium metabisulphite was 
compared by TLC with a chloroform extract of haemato ester which had not 
been so treated. TLC was carried out in benzene-ethyl acetate-methanol 
(85:13.5:1.5;v/v) a solvent system in which only the ether-soluble porphyrin 
esters are known to migrate.
In both samples the major band which moved was at the haemato ester
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position but in the unreacted haomato ester sample at least 8 other bands 
of minor constituents were noted. The reacted sample of haemato ester also 
contained these eight bands but, in addition, a band with the same mobility 
as a proto ester marker was observed. This apparent synthesis of proto 
ester during the reaction of haemato ester with sodium matabisulphite may 
be important in understanding the formation of the water-soluble porphyrin 
esters and will be discussed later.
(2) METHODS OF SEPARATION OF INDIVIDUAL SYNTHETIC WATER-SOLUBLE PORPHYRIN 
ESTERS
(a) Solvent Extraction
The solvent extraction of a mixture of synthetic water-soluble porphyrin 
methyl esters was inconsistent. It was found that if chloroform was added 
to a methanolic solution of methylated porphyrins before adjustment of the 
solution to pH 4, good extraction of the fractions WSPl and WSP2 and some 
extraction of WSPO into chloroform resulted. However, after purifying the 
individual synthetic porphyrins by TLC and then attempting to extract each 
of the porphyrins from a solution of methanol-sulphuric acid with chloroform 
added after adjustment to pH 4, only WSPl was extracted well under these 
conditions. Both WSP2 and WSPO were poorly extracted. Moreover, each of 
the purified porphyrins, WSPl and WSP2 were poorly extracted with chloroform 
or ethyl acetate from solutions at pH 7 obtained by adding a solution of the 
purified porphyrin esters in methanol to water.
In short, chloroform was found to be a satisfactory solvent for the 
extraction of WSPl from a solution of methanol-sulphuric acid solution or 
from a 10% (w/v) HC1 solution adjusted to pH 4 with sodium acetate solution. 
Similarly, ethyl acetate was found to be a satisfactory solvent for WSP2 
and n-butanol for WSPO.
(b) Electrophoresis
Purified synthetic water-soluble porphyrin esters WSPl, WSP2 and WSPO 
were compared by electrophoresis before and after hydrolysis with 6 M HC1
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for 15 hours at room temperature« The electrophoresis was carried out 
under alkaline conditions in K2CO3 and EDTA buffer as described on page 38 
and markers consisting of porphyrins containing between 2 and 0 carboxyl 
groups were used. Authentic methyl esters of protc, copra and uro were not 
soluble in the buffer and could not be used as controls in the electrophoresis.
All the samples applied to the electrophoresis paper were 
transferred by dissolving the dried specimen in a small amount of electro­
phoresis buffer or dilute ammonia solution.
The synthetic water-soluble porphyrin esters W5P1, USP2 and USPO all 
remained at or very near the origin.
The acid-hydrolysed porphyrins all moved from the dicarboxylic acid 
porphyrin position. Hydrolysed USP1 showed a major porphyrin component at 
the tricarboxylic acid porphyrin position as well as minor amounts at the 
copro and at the iso-copro positions. Hydrolysed USP2 showed two bands in 
approximately equal amounts at the copro and isocopro positions. The 
hydrolysed USPO showed a major porphyrin component at a position midway 
between the penta and isocopro positions.
The solubility in alkali of the synthetic water-soluble porphyrin 
esters suggests the presence of an acidic group on the molecules. The 
increase in mobility on electrophoresis after hydrolysis of the water- 
soluble porphyrin esters suggest that the propionic acid groups have not 
been altered by the action of haemato with sodium metabisulphite. Also, 
the results are consistent with USPO containing more than one acidic 
function giving it greater mobility on electrophoresis than either UiSPl or 
USP2.
(c) High Resolution Thin Layer Chromatonraphy
The individual synthetic water-soluble porphyrin esters USP1, U3P2 and 
USPO were prepared as described on page 47. These fractions were subjected 
to high resolution TLC in chloroformrmethanol (85:15*v/v) by running the plate
60
several times, drying the chromatogram in air between each run*
Using this method it was evident that at least USPl was composed of two 
entities with slightly different mobilities. It was apparent from this that 
because of the very similar properties and closely related structures of the 
compounds present in these mixtures, .it was unlikely that an efficient 
method of separating the compounds in quantity could be readily achieved.
For the purposes of this thesis '’purified" USPl, USP2 and 
USPO will be used to refer to the synthetic water-soluble 
porphyrin esters prepared as described in the Materials and 
Methods by preparative TLC.
(3) STRUCTURAL INVESTIGATIONS OF THE SYNTHETIC WATER-SOLUBLE PORPHYRIN ESTERS 
(a) Chemical Investigations
(i) Test for Sulphonic Acid Groups
The synthetic water-soluble porphyrin esters USPl, USP2 and USPO 
were purified by TLC and tested for sulphonic acid groups as described on 
page 34. Control samples of proto, haemato, uro and copro esters, sodium 
metabisulphite and sulphanilic acid were tested similarly.
All of the synthetic water-soluble porphyrin esters gave a positive 
test for sulphonic acid groups as did the samples of sodium metabisulphite 
and sulphanilic acid. The controls of proto, haemato, copio and uro esters 
did not give a positive reaction with this test.
(ii) Elemental Analysis of the Synthetic Uater-Soluble Porphyrin
Esters
Elemental analyses were carried out on the synthetic water-soluble 
porphyrin esters, USPl and USP2. The samples were hygroscopic, a common 
feature of compounds containing sulphonic acid groups and allowance was made 
for this by fixing the carbon composition to the expected composition and 
then adjusting the elemental compositions for hydrogen, nitrogen and sulphur
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by a common factor. The results are given in Table G.
(iii) Test for Sulphate Ester Groups
The synthetic water-soluble porphyrin esters were tested for the 
presence of sulphate esters groups as described on page 34,
The synthetic porphyrins USP1 and IJSP2 gave a negative test for 
sulphate ester groups.
The stability of the synthetic porphyrins after mineral acid 
hydrolysis and re-esterificaticn with methanol-sulphuric acid also suggests 
that there are no sulphate ester groups on the molecules (see below),
(iv) Solubility in Solvents
The purified synthetic water-soluble porphyrin methyl esters UISP1, 
USP2 and USP0 were all soluble in 10% (w/v) HC1 as well as in 1 M NH4OH.
The purified porphyrins were all soluble in methanol and glacial acetic acid 
and these solvents ware valuable for removing dried samples from glass test 
tubes. The solubility of the porphyrins in other organic solvents was not 
so easily determined. For example, although synthetic WSP1 was poorly 
removed from glass by ethyl acetate, addition of a small quantity of methanol 
rendered the porphyrin highly soluble. Table 9 summarises the solubility 
properties of the synthetic water-soluble porphyrin esters and also the 
derivatives prepared with diazo-methane (see (viii) later). A control 
sample of haemato ester was used for comparison.
It can be seen from Table 9 that before treatment with diazo- 
methane, liiSPl, USP2 possibly contain both acidic and basic groups judging 
by their solubility properties. After treatment with diazo-methane the 
acidic function is lost in both of these porphyrins.
(v) Treatment of Synthetic Water-Soluble Porphyrin Esters with Acid
The synthetic water-soluble porphyrin esters were treated with acid
in order to test their stability.
Synthetic water-soluble porphyrin esters wore purified by TLC 
immediately before the experiments described to ensure that no contamination
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TABLE 8
Elemental Analyses of Synthetic Water-Soluble Porphyrin Esters
Percent
Carbon
Percent
Hydrogen
Percent
Nitrogen
Percent
Sulphur
USP1
(l) Expected for 
* C36H40N4O7S1
64.27 5.99 8.33 4.77
(2) Actual 58.79 5.74 7.47 4.67
(3) Value in row 2 
adjusted so that 
carbon is 64.21%
64.27 6.27 8.17 5.10
U1SP2
(l) Expected for 
** ^36H42^4^8S1
62.59 6.13 8.11 4.64
(2) Actual 56.82 5.51 7.57 4.02
(3) Value in row 2 
adjusted so that
62.59 6.07 8.34 4.43
carbon is 6 2,69%
* Expected compound : vinyl ethane sulphonic acid deutero IX ester.
** Expected compound î hydroxyethyl ethane sulphonic acid deutero IX ester
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TABLE 9
The Solubility of Synthetic Water-Soluble Porphyrin Esters and Their 
Derivatives Prepared with Diazo-Hethane
Porphyrin Water in n h 4 o h 10/o(u/v)HCl Chloroform EthylAcetate Nethancl Butanol
USP1 + + + + + + +
WSP1
(diazo)
- - + + + + +
WSP2 + + + + + + +
WSP2
(diazo)
- - + + + + +
WSPO + + - - + +
Haemato
ester
- - + + + +
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with light-induced or other decomposition products occurred. Aliquots of 
the porphyrin esters WSP1 and W5P2 were treated with 10% (u/v) HC1 for 15 
hours at room temperature, at 80°C for 18 hours and also at 11D°C for 18 
hours. The porphyrins in the products were re-esterified with methanol- 
sulphuric acid (90:5;v/v) for 15 minutes under reflux and the porphyrin 
esters extracted with chloroform after adjusting the pH to 4. These 
porphyrin esters were compared by TLC with controls consisting of porphyrins 
not treated with acid, with controls of acid-hydrolysed WSP1 and WSP2 
and also with a mixture of ether-soluble porphyrin esters.
With both WSP1 and WSP2, acid treatment at room temperature 
followed by re-esterification had little effect, with the major porphyrin 
fraction migrating with the respective controls. With acid treatment at 
80°C followed by re-esterification,a small amount of breakdown to ether- 
soluble porphyrins occurred and also apparently some interconversion of the 
water-soluble porphyrin esters occurred. However, the main porphyrin 
fraction remained unchanged under the conditions chosen for treatment. With 
acid treatment at 110°C followed by re-esterification appreciable inter- 
conversion between WSP1 and WSP2 was observed as well as considerable 
destruction of the porphyrins (about 40/S less). In none of the reaction 
mixtures was there any appreciable release of haemato ester apparent.
Acid-hydrolysed samples of WSP1 and WSP2 when chromatographed on 
TLC in chloroforniimethanol (85:15;v/v) showed no migration while controls 
not hydrolysed moved with Rf values of 0.3 and 0.2 respectively. These 
results suggest the presence of a propionic acid group which is revealed on 
hydrolysis.
Similarly, WSPO was also hydrolysed in 6 M HC1 overnight at room 
temperature and compared with a control not hydrolysed on TLC in chloroform: 
methanol (70:30;v/v). These results again suggest the presence of a 
propionic acid group due to the low mobility of the hydrolysed product 
compared to the control.
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The results recorded in (i) - (v) suggest that the reaction 
of sodium metabisulphite with haemato followed by esterification 
causes the formation of water-soluble porphyrin esters which 
are quite stable to the action of mineral acid at room 
temperature. This suggests that the synthetic porphyrins are 
not bisulphite addition compounds which would be unstable in 
such conditions.
Moreover, the fact that haemato does not readily arise from 
the acid treatment at elevated temperatures or at room 
temperature suggests that the treatment with Ma2 S2 0 5 has 
produced a very stable structure, possibly a sulphonic acid.
(vi) Treatment of Synthetic Ulster-Soluble Porphyrin Esters with 
Sulphuric Acid
Synthetic liiSPl was treated with 44^ (v/v) sulphuric acid under 
reflux for one hour in an attempt to remove a putative sulphonic acid group. 
These conditions are suitable for removing the sulphonic acid group from 
3-nitro 4-amino benzene sulphonic acid (Gilman and DlMtt, 1961). After one 
hour, the porphyrins were osterified with methanol-sulphuric acid (90:5,v/v), 
the esters extracted with chloroform and compared with an unreacted sample 
by TLC. Apart from some interconversion to synthetic USP2, very little 
breakdown to faster-moving ether-soluble porphyrins occurred.
In benzene-ethyl acetate-methanol (85:13.5:1.5;v/v), almost all 
of the porphyrins stayed at the origin on TLC whereas controls of proto, 
copro and haemato esters all moved in this solvent system.
This further confirms that synthetic USPl is not a bisulphite 
addition product since such a product would be labile under the above 
conditions. Also evident from the above results is that any putative 
sulphonic acid group is less easily removed than that of 3-nitro 4-amino 
benzene sulphonic acid.
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(vii) The Effect of Acetylation and Silylation on Synthetic Water- 
Soluble Porphyrins
The synthetic water-soluble porphyrin esters ware acetylated as a 
test for the presence of hydroxyl groups as described on page 33* The 
reacted porphyrins were compared with unreacted controls by TLC in chloroform- 
methanol (85:15;v/v) and in chloroform-methanol (70:30;v/v). With any 
porphyrin esters which were shown to acetylate,silylation of the ester was 
carried out by reaction with trimethyl silyl acetamide in the presence of 
pyridine and any change in Rf value was noted. The results are given in 
Table 10 and indicate that WSP2 possesses one or more hydroxyl groups while 
USP1 and USPO do not appear to possess any.
(viii) Action of Diazo-Nethane on Synthetic Water-Soluble 
Porphyrin Esters
The synthetic water-soluble porphyrin esters were each treated with 
diazo-methane (page32) and the products of the reaction examined.
After reaction with diazo-methane, most of the fractions WSP1 and 
WSP2 became ether-soluble. The percentage becoming ether-soluble was quite 
variable. Caution was needed in concentrating the products prepared by 
treatment with diazo-methane in order to avoid hydrolysis. The solvent 
and excess diazo-methane was removed by passing dry nitrogen through the 
reaction mixture in a fume cupboard.
The Rf values of the synthetic porphyrins both before and after 
treatment with diazo-methane were determined and are given in Table 11.
The results for synthetic W5P0 are ambiguous since only about half of 
the porphyrins increased in mobility after treatment with diazo-methane.
This may be due to the increased water-solubility of these porphyrins which 
would tend to precipitate out of the methanol-ether reaction mixture before 
complete esterification could occur.
These results suggest the presence of a strongly acidic function 
in the synthetic water-soluble porphyrin esters which is not esterified by
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TABLE 10
Affect of Acotyletion and of Silylation on the Synthetic Water-Soluble 
Porphyrin Esters
Porphyrin Fraction Rf valueBefore Acetylation
Rf value
After Acetylation
Rf value
After Silylation
USP1* 0.3 0.3 not determined
USP2* 0.2
to•
o C
D•
□
**
iLfSPO 0.3 0.3 not determined
TLC in chloroform-methanol (85:15;v/v)
* *
TLC in chloroform-methanol (70:30;v/v)
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TABLE 11
The Effect of Treatment of Synthetic Water-Soluble Porphyrin Esters with 
Diazo-flothane
Sample
USP1
USP2
WSPO
TLC in Doss (1969) System
Rf before 
treatment
Copro Ester 0.75
Rf after 
treatment
0.80;0.75
0.4
0.75
TLC in chloroformîmethanol 
(85:15 ; v/v/)
Rf before 
treatment
0.3
0.2
Rf after 
treatment
0.3; 0
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.-sulphuric acid but which is esterified by diazo-methane.
The diazo-methane product of WSP1 with Rf value of 0.80
n the Doss (1969) solvent system throughout this thesis will
>e referred to aidiazo WSPla while the diazo-methane product
nth Rf value of 0.75 will be referred to as diazo WSPlb. These
ibbreviations should in no way suggest the presence of a diazo
jroup in these compounds.
(ix) Hydrolysis of the Derivatives of Synthetic Water-Soluble 
in Esters prepared with Diazo-Methano
The synthetic water-soluble porphyrin esters USP1 and USP2 were 
with diazo-methane in ether as described on page 32«, Hydrolysis 
e derivatives by various treatments was attempted and the treated 
ins were compared with the unreacted porphyrins by TLC.
The derivatives of the water-soluble porphyrin esters prepared 
azo-methane were shown to be very labile. Alkaline treatment was 
I out by dissolving the porphyrin ester derivatives in methanol then 
an equal volume of 1 PI K2 CQ3 . The fluorescence of the solution was 
I and if quenching had occurred, a small quantity of methanol was 
¿0 retain the porphyrin esters in solution. A control using proto 
ester (crystalline) was also set up for alkaline hydrolysis.
The reaction mixtures were allowed to stand for 15 minutes and 
after adjusting to pH 4 with glacial acetic acid, the porphyrins were 
extracted with ethyl acetate and compared with the unreacted porphyrins by 
TLC. The derivatives of synthetic USPl and WSP2 prepared with diazo-methane 
were both substantially hydrolysed under the above conditions, the hydrolysis 
products remaining at the origin in the benzene:ethyl acetate:mothanol 
(85:13.5:1.5;v/v) solvent system. The proto ester control was essentially 
unchangod after the reaction. The hydrolysis products were chromatographed 
on TLC in chloroform-methanol (85:15;v/v). The diazo-methane derivatives of 
USP1 and USP2 were shown to give rise to USPl and WSP2 respectively but some 
interconversion was noted with IlISP2. As well as providing evidence for the
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extreme lability to alkaline hydrolysis of the putative sulphonic methyl 
ester compared to carboxylic esters, these experiments also showed that the 
effect of diazo-methane in producing the ether-soluble porphyrin derivatives 
is not a relatively irreversible reaction as may sometimes occur (Fieser and 
Fieser, 1967) but appears to be a simple, reversible methylation.
Hydrolysis in water was also attempted by dissolving the diazo- 
methane derivatives of synthetic WSP1 and USP2 in a small amount of methanol 
and then adding 5 volumes of water* After heating at 95°C for 15 minutes, 
the porphyrins became water-soluble and after extracting with chloroform,
TLC showed that most of the porphyrins had been converted to USP1 and USP2 
respectively.
(x) The Effect of Boron Trifluoride on Synthetic WSP2
Boron trifluoride was examined os an alternative reagent to diazo- 
methane for methylating any strong acidic groups present in the synthetic 
USP2.
After treatment of synthetic UISP2 and destroying the excess BF^ 
(page 32 ), the products were extracted with chloroform and compared with 
untreated controls by TLC in chloroform-methanol (85:15;v/v). The 
chromatography showed that the mobility of appreciable amounts of synthetic 
USP2 had increased to the value given by synthetic LISP1 control. However, 
no conversion of synthetic bJSP2 to ether-soluble porphyrins migrating with 
the solvent front was observed.
From previous work, which had shown that synthetic LISP2 contains one 
or more hydroxyl groups, it appears that BF3 may have methylated a fraction 
of these. It is also apparent that BF3, not being as powerful a methylating 
agent as diazo-methane, is unable to esterify any strong acidic groups 
present on US.P2 to form ether-soluble porphyrin derivatives.
(xi) Extraction of Synthetic Water-Soluble Porphyrins from Organic 
Solvents with Alkali
Synthetic L/SP1 was found to be poorly extracted by 1 H NH^OH from
ethyl acetate. However when three volumes of ether were added, good 
extraction into ammonia resulted. A control using haamato ester showed 
almost no extraction into 1 M NH4OH under the same conditions.
Uhen the extracts in ammonia were adjusted to pH 4 with glacial 
acetic acid, the synthetic UISP1 could be returned to ethyl acetate.
In a similar series of experiments both synthetic USP2 and 
synthetic USPO were also extracted from a solution of ethyl acetate:ether 
(1:3;v/v) by 1 M NH4OH.
These results further confirm the presence of an acidic group on 
the synthetic water-soluble porphyrin esters even after treatment with 
methanol-sulphuric acid.
(xii) Further treatment of Synthetic Uater-So]uble Porphyrin Esters 
with SGdium Matabisulphite
In order to investigate whether the synthetic water-soluble 
porphyrin esters USP1 and USP2 were precursors of USPO, these two porphyrin 
esters were purified by TLC and were reacted once more with sodium meta­
bisulphite under the conditions described on page 47.
After reaction for 15 minutes at 90°C, the products were extracted 
with ethyl acetate and then compared with each other and also with unreacted 
controls by TLC in chloroform-methanol (85:15;v/v). With both WSP1 and U5P2 
the major component formed was WSPO but there were also traces of WSP2 in the 
WSP1 reaction mixture and there were traces of USP1 in the W5P2 reaction 
mixture.
These results suggest that synthetic USPO is formed directly from 
both USP1 and USP2.
(xiii) Re-esterification of Synthetic Water-Soluble Porphyrin Esters 
after Purification
Synthetic porphyrin esters USP1, USP2 and USPO were purified by 
TLC as previously described in the Materials and Methods and then treated 
further with methanol-sulphuric acid (90:5;v/v) for 15 hour3 at room
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temperature. This was done in order to establish whether one or more of the 
synthetic porphyrin esters prepared as described were, in fact, partially 
esterified. After reaction, the porphyrins were extracted with a suitable 
solvent, either chloroform, ethyl acetate or n-butanol, and were compared 
with controls which had not been so treated using the appropriate TLC system.
Although some porphyrins migrated faster on TLC in all of the 
fractions after the esterification procedure, the major fraction of the 
porphyrins WSPl, USP2 and USPO moved with the same mobility before and after 
the treatment when examined by TLC in the appropriate solvent systems.
This experiment indicated that any acidic groups in the synthetic porphyrins 
WSP1, USP2 and WSPO capable of being esterified with methanol-sulphuric were 
completely esterified.
(b) Spectral Studies of Synthetic Water-Soluble Porphyrin Esters
(i) Visible Spectra and Sorot Bands
The Soret bands given in 10% (w/v) RC1 and in chloroform were 
recorded for samples of each of the synthetic w3ter-soluble porphyrin esters 
and also of standards of proto, copro, uro and haemato esters. The results 
are tabulated in Table 12. Solubility in chloroform was very poor for the 
more polar synthetic water-soluble porphyrin esters and a small amount of 
methanol was added both to aid in dissolution and also to maintain solubility 
in the chloroform.
The changes, caused by hydrolysis, in the positions of the Soret 
band in acid solution were also studied after standing the porphyrins in 
10%> (w/v) HC1 for 15 hours at room temperature. The results for these 
experiments are given in Table 12.
The visible spectra of the synthetic water-soluble porphyrin esters 
were recorded in chloroform. A small amount of methanol was used to dissolve 
the more polar water-soluble porphyrin esters as well as to keap them in 
solution. Visible spectra of the derivatives of the synthetic water-soluble 
porphyrin esters prepared with diazo-methane ware also determined. The
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TABLE 12
Wavelengths (nm) of the Soret Bands of the Purified Synthetic Water-Soluble 
Porphyrin Esters and Various Controls
Solvent
Porphyrin 10/b(u/v)HCl 
at 5 mins.
10/o(u/v) HC1 
at 15 hours Chloroform
Synthetic WSP1 407 406.5 403.5
Diazo-methane deriv. 
of Synthetic WSPla
- - 405
Diazo-methane deriv. 
of Synthetic WSPlb
- - 403
Synthetic WSP2 404.5 404.5 401.5
Diazo-methane deriv. 
of Synthetic WSP2
- - 402.5
Synthetic WSPO 406 405.5
•X-#
400(Broad)
*Proto ester - 408 407
*Haemato ester - - 399.5
*Copro ester - 403 400
*Uro ester - 408 406
* From Falk (1964), and Smith (1975),
* *  Insoluble in chloroform, measured in methanol.
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results are given in Table 13.
The spectra of USPO in various solvents was compared to the spectra 
of synthetic porphyrins prepared by other workers (Table 14).
(ii) Infra Red Spectra of Synthetic Water-Soluble Porphyrin Esters
The infra-red spectra of the synthetic water-soluble porphyrin
esters and their derivatives prepared with diazo-methane were recorded in 
chloroform or KBr discs. Comparison was made with haemato and proto 
methyl esters as controls. The results are recorded in Table 15.
The notable feature of the spectra of the synthetic sulphonated 
porphyrins was a medium to strong absorption band at 1010-1030 cm~^. Any 
other absorption bands due to a sulphonic acid group were likely to be 
masked by absorption by the porphyrin nucleus in the region 1150-1255 cm  ^
and hence are not given in the Table.
The small band at 1025 cm*"'1' in the spectrum of the diazo-methane 
derivative of synthetic WSP2 was probably caused by contamination with 
synthetic USP2, a proposition which was later confirmed by TLC. The ease 
with which the diazo-methane derivative of USP2 was converted back to WSP2 
in previous experiments supports this conclusion. •
(iii) Nuclear Haonet.ic Resonance Spectra of Synthetic Water- 
Soluble Porphyrins
The nuclear magnetic resonance spectra of the derivatives of the 
synthetic water-soluble porphyrin esters after reaction with diazo-methane 
were recorded in deuterochloroform and compared with the spectrum of proto 
methyl estor. The results are given in Table 16. The doublet in the 
region 2.24 for the diazo-methane derivative of IUSP2 is consistent with the 
presence of a methyl sulphonate group on an ethyl side chain of the porphyrin 
whose structure is given in Figure 5.
NHR spoctroscopy was also carried out on synthetic USP1 and USP2 
which were not reacted with diazo-methane but the spectra showed very 
broad absorption bands which wore difficult to interpret. Synthetic
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TABLE 13
Visible Spectra of the Synthetic Water-Soluble Porphyrin Esters and their 
Derivatives and Controls (Solvent.’Chloroform)
Porphyrin SpectralType
Band il 
(nm)
Band II 
(nm)
Band III 
(nm)
Band IV 
(nm)
Synthetic WSP1 Aetio 622.5 570.5 537.5 502
Diazo-methane deriv. 
of Synthetic WSPla
Aetio 626.5 572.5 538 503.5
Diazo-methane deriv. 
of Synthetic USPlb
Aetio 623.5 568.5 537.5 501
Synthetic USP2 Aetio 622 570 536.5 503.5
Diazo-methane deriv. 
of Synthetic USP2
Aetio 622.5 569 536.5 500
Synthetic WSPO Aetio 621.5 569 536.5 500
*Proto ester Aetio 630 575 541 505
*Haemato ester Aetio 622 568 533 499
*Copro ester Aetio 621 566 532 498
*Uro ester Aetio 627 572 536 502
*Deutero 2-4
disulphonic acid 
ester* *
Phyllo 625 572 543 510
* From Falk (1964) and Smith (1975)
** Measured in water.
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TABLE 14
Comparison of Spectra of Synthetic Sulphonated Porphyrins Prepared by 
Different Workers
Present Work (WSPO) Nielands (1951) Neuberger and Scott 
(1952)
0.5 M KGH
Band I 613 612.5 -
Band II 562.5 561 -
Band III 538 539 -
Band IV/ 503 504 -
Soret 395 398 ~
0.5 N HC1
Band I 593 596 -
Band II 551 551 -
Soret 404.5 402 —
M
Band I 615 - 625
Band II 566 - 572
Band III 538 - 543
Band IV/ 503 - 510
Soret 395.5 - not given
pH 0.8 HC1
Band I 592.5 - 600
Band II 550 - 555
Soret 403.5 - not given
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TABLE 15
Tha Infrarad Spectra of the Synthetic Water-Soluble Porphyrin Esters
Sample Medium Some Major Absorption bands 
(cm*’-1)
Assinnmants
Synthetic LISP1 CHCI3 or KBr 1025
1735
2835-2935
3415
-SO3H
-COOCH-7
-NH
-SO3H
Diazo-mothane 
derivative of 
Synthetic WSP1
KBr 1735
2835-2935
3405
-COOCH3
-NH
-SO3H
Synthetic WSP2 CHCI3 or KBr 1025
1735
2835-2935
3415
-3O3H
-COOCH3
-NH
-SO3H
Diazo-methane 
derivative of 
Synthetic USP2
KBr 1025 (minor) 
1735
2835-2935
3405
-SO3H**
-COOCH'?
-NH
-5O3H
Proto Ester CHCI3 1735
2875-3005
-C00CH-7
-NH
Haemato Estar CHEI3 1730
2820-3020
-COOChU
-NH
R-SO3H KBr 1003-1083*
1150-1255*
3100-3500*
-SO3H
-SO3H
-SO3H
R-503-Rl KBr 1130-1200*
1320-1420*
R-5O3-R1
R-S03-R!
* From Uaast, 1974
** Probable contamination
TABLE 16
The NNR Spectra of the Synthetic Water-Soluble Porphyrin Esters
Sample
Chemical Shift 
of Some Important 
Groups (ppm)
Assignments
Diazo-methane derivative 
of Synthetic liiSPl
S03H
-CH-CH3(doublet)
(contamination)OH
-CH-CH3(doublet) 
ring CH3 
-CH2-CH2-COOCH3 
and —SO3-CH3 
-CH2-CH2-C0QCH3
*
methene bridge CH
Diazo-methane derivative 
of Synthetic WSP2
SO3H
-CH-CH3(doublet)
OH 
i «
-CH-CH3(doublBt)
•*
ring CH3 
-CH2-CH2-COOCH3 
and -SO3-CH3 
»CH2-CH2-COOCH3
■ *
methene bridge CH
Proto Ester 3.47
3.69
4.30
6.00-6.52
9.88
ring CH3
-CH2-CH2-C00CH3
-CH2-CH2-COOCH3
-ch*c h2
if
methene bridge CH
* The chemical shift given is due to the hydrogen atoms on the carbon atom 
denoted by an asterisk.
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FIGURE B
Proposed Structures for the Products of the Treatment of Synthetic IJSPlb 
and W5P2 with Diazo-Nethane
CH3
CHo CHoI 2 I 2
COOCH3 COOCH3
"Diazo I'JSPlb"
"Diazo WSP2"
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WSP1 was re-purified by TLC but the resolution of the spectra did not 
improve* Contamination by a paramagnetic ion such as copper to as little 
as 5% could account for this (S* Sternhell and P* Clezy, personal 
communications). Another explanation could bo the limited solubility of 
the synthetic porphyrins in deuterochloroform. A suspension of very fine 
undissolved porphyrin particles could influence the spectra by broadening 
the absorption bands (P. Clezy, personal communication).
(iv) Has3 Spectrometry of the Synthetic Water-Soluble Porphyrin
Eaters
(a) Electron Impact Nass Spectrometry
Electron impact mass spectrometry of the derivatives of the 
synthetic water-soluble porphyrin esters prepared by treatment with riiazo- 
methane gave variable results whether the derivatives were complsxed with 
copper or not. By raising slowly the temperature at the probe up to a final 
valus of 280°C, the interpretation of the spectra obtained was that either 
destruction of the porphyrins was occurring or that impurities in the 
porphyrin preparations were being released with the porphyrins remaining 
on the probe. No peaks attributable to porphyrins could be found although 
peaks with up to about 600 mass units were observed. At the conclusion, 
the probe was examined and was found to be still bearing the pink-coloured 
porphyrins.
When the temperature was raised to 250°C before inserting
the probe, peaks attributable to porphyrins were observed in the spectra of
the synthetic USP1 specimen which had not been complexed with copper but no
discernible peaks due to porphyrins were apparent in the spectra of the
derivatives cornplexed with copper. The peaks observed with the former were
at 590, 651, 653 and 517 mass units. The 590 peak corresponded with proto
methyl ester and the peaks at 651 and 653 were characteristic of the copper
63 65complexes of the isotopes Cu and Cu which are suspected of being formed
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at tha probe (Smith, 1975), The small peak at 517 mass units corresponded 
to a loss of 73 maos units from proto ester compatible with the loss of a 
-CH2-COO-CH3 side chain* A very small peak was also observed at 683 mass 
units but was not attributed to 0 porphyrin since no corresponding peaks 
due to copper complexing or to loss of a -CH2-COO-CH3 group were observed.
These results are consistent with the loss of the putative 
sulphonic acid methyl ester group as the probe is heated. The loss of 
this group on heating is a known degradation and with increasing molecular 
weight, the retention of the parent peak of compounds with methyl esters of 
sulphonic acids becomes less likely.
(b) Chemical Ionization Hass Spectrometry
Chemical ionization mass spectrometry was carried out as 
described on page 29. The samples tested included the derivatives of
the synthetic water-soluble porphyrin esters USP1 and WSP2 prepared with 
diazo-methane and also their copper complexes.
Although chemical ionization mass spectrometry is a very 
mild technique, no peaks attributable to porphyrins were observed. The 
pea!<3 which were observed could have arisen from complete degradation of 
the porphyrin nucleus or else from trace impurities which may have been 
more volatile than the porphyrins.
(c) Field Desorption Hass Spectrometry
Field desorption mass spectrometry was carried out as 
described in the Materials and Methods. The samples tested included the 
diazo-methane derivatives of the synthetic water-soluble porphyrin esters 
WSPlb (separated as described previously on TLC in benzene:ethyl acetate 
methanol solvent system) and U5P2 and also their copper complexes. The 
results are given in Table 17.
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TADLE 17
Roaults of Field Desorption Hass Spectromotrv of the Diazo-Plathane 
Derivatives of the Synthetic Wator~Soluble Porphyrin Esters
Sample Proposed Structure* and Mass Number
Some peaks (m/e) and 
Assignment
Copper complex of SO3 CU3
-CH-CH3
No peaks attributable
diazo-methane derivative to porphyrin found
of Synthetic WSPlb -CH2 -CH3  
(749, 751)
Copper complex of s d3c h 3 748 P! + 1 fragment from
rfiazo-methano derivative -CH-CH3 loss of H20 from 765.
of Synthetic WSP2 OH
1
750 PI 4- 1 fragment from
-CH-CH-»
J
(765, 767)
loss of H20 from 767.
Diazo-methane derivative SO3 CH3
1
-CH-CH3
6 8 S PI + 1 of proposed
of Synthetic WSPlb structure.
-c h2-c h3 687 PI + 1 of vinyl
contamination.
(6 8 8 ) 593 loss of -Si^CHjfrom
689.
591 loss of -S0 3 CH3 from
687.
Diazo-methane derivative SO3 CH3 703 f'l - 1 of proposed
of Synthetic USP2 -CH-CH3 structure.
OH
1
591 PI + 1 of proto ester
-CH~CH3 as degradation product
from 703.
(704)
* Deutero aster structure with positions 2 and 4 substituted with tho groups
indicated
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SECTION F 
RESULTS
NATURAL WATER-SOLUBLE PORPHYRIN ESTERS 
(l) EXPERIMENTAL PROBLEMS
(a) Determination of Solubility
There were some problems in determining the solubility in water and 
ether of some of the natural water-soluble porphyrin ester fractions 
studied especially the heterogeneous fraction obtained after cellulose 
purification and esterification (page 39),
With most porphyrins, but especially those containing vinyl groups 
such as proto, water-solubility is seen to be a function of many factors such 
as the concentration of porphyrins before shaking with ether, how much time 
elapsed between adjustment to pH 4 and extraction etc. Vigorous shaking of 
an aqueous solution of natural water-soluble porphyrin esters with ether 
slowly brought some of the porphyrins (labile water-soluble porphyrin esters) 
into the ether but it proved very difficult to standardise this factor. The 
reasons for this effect could be due to the precipitation of the porphyrins 
at the isoelectric pH and also the susceptibility of the porphyrins to 
polymerisation because of the reactivity of the vinyl group.
This problem of standardising preparation methods of natural water- 
soluble porphyrin esters and also of determining a crude definition of water- 
solubility was partially solved as follows. An impure preparation of water- 
soluble porphyrin esters was tested for water-solubility by shaking 
vigorously each extraction for about 20 seconds with about the same 
proportion of ether to the aqueous phase, i.e. one volume of ether to six 
volumes of aqueous phase. If the amount of porphyrin extracted into ether 
was 80-90/6 with each extract, the possible amount of unextracted ether- 
soluble porphyrins remaining in the aqueous phase was taken to bo less than
the last ether extract
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(b) Difficulties with Separation by TLC
Many difficulties were experienced in preparing a system for separating 
the natural water-soluble porphyrin esters by TLC when using the Esterification 
Method described on page 45* There was a difference in behaviour between 
the porphyrins present in the clear supernatant and those present in the 
precipitate given by this method.
If the clear supernatant containing water-soluble porphyrin esters was 
extracted with chloroform, between 50-9076 of the porphyrins was recovered. 
However on evaporating the chloroform extract to dryness, the brown material 
remaining had a variable solubility in chloroform or methanol although 
generally it could be transferred to TLC plates with a mixture of these 
solvents. TLC in chloroform-methanol (85:15;v/v) with suitable markers 
showed many visible and fluorescing impurities which quenched any pink 
fluorescence due to the water-soluble porphyrins.
However, if the precipitate obtained by using the Esterification Method 
(page 45) was extracted with ethyl acetate after addition of methanol- 
sulphuric acid a quite clean preparation of water-soluble porphyrin esters 
free from most visible and fluorescing impurities was obtained by TLC of the 
ethyl acetate extract* This purification was evident when dealing with small 
amounts of porphyrins and the water-soluble porphyrin ester bands could bo 
readily seen. However, in large scale preparations using the Esterification 
Method, the brown impurities present in the ethyl acetate extract ware seen 
to streak during TLC and these impurities were eluted along with the water- 
soluble porphyrin ester bands.
For the above reasons, the Acetic Acid Method which included a cellulose 
column purification was used for preparing the purest specimonts of water- 
soluble porphyrin esters.
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(2) LOSS OF WATER-SOLUBLE PORPHYRIN ESTERS DURING THEIR EXTRACTION FROM 
FAECES
Large losses resulted in all the methods tested for purifying water- 
soluble porphyrin esters. Below is a summary of how some of these losses 
were sustained.
(a) Incomplete extraction of Porphyrins with 10% HC1
In extracting porphyrins with 10%> (w/v) HC1 from the precipitates 
prepared by the Acetic Acid or the Esterification Methods, a consistent 
loss of about 50/ of the total porphyrins was noticed. This amount of 
porphyrin remained in the precipitate.
Several procedures were tested in order to improve the recovery of 
porphyrins from the precipitates.
(i) Extraction with concentrated Hydrochloric Acid
Removal of more porphyrins from the precipitate after exhaustive 
extraction with 10/ HC1 was attempted by extraction of the precipitate with 
concentrated hydrochloric acid. Most of the precipitate dissolved; however, 
on bringing the concentrated HC1 to 10/ (w/v) HC1 with addition of water 
followed by adjustment of the pH to 4 with sodium acetate, most of the 
porphyrins were adsorbed onto the fine brown precipitate which formed leaving 
only a few percent of the total porphyrins in solution.
(ii) Extraction with Glacial Acetic Acid
A sample of the precipitate prepared by the Esterification Method 
was fully extracted with 10% (w/v) HC1 and the residue was treated with a 
small volume of glacial acetic acid. The following experiments were carried 
out on these acetic acid extracts.
(A) Treatment of solution with 10/ (w/v) HC1
To the glacial acetic acid extract W33 added 9 ml of 10/
(w/v) HC1 and the solution adjusted to pH 4 with saturated sodium acetate 
solution. At this point, most of the porphyrin became adsorbed to the brown 
precipitate which resulted.
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(B) Evaporation of Acetic Acid Extract
An aliquot of the glacial acetic acid extract was evaporated 
to dryness. It was found that 27/6 of the porphyrins in the residue were 
chloroform-soluble. Much of the brown material remaining adhered to the 
sides of the glass tube. However TLC in chloroform-methanol (85:15;v/v) of 
the chloroform extract revealed brown material streaking throughout the 
chromatogram and overlapping the fluorescence due to porphyrins.
(C) Electrophoresis of the Hydrolysed Acetic Acid Extract
An aliquot of the glacial acetic acid extract was hydrolysed 
at room temperature for 35 hours after addition of two volumes of concentrated 
HC1. The hydrolysate was evaporated to dryness and dissolved in electro­
phoresis buffer. Electrophoresis was carried out in this buffer as described 
on page 38 using markers of porphyrins containing two to eight carboxyl 
groups. After electrophoresis, the paper was viewed under ultraviolet light 
and cut into suitable strips. The strips were eluted with glacial acetic 
acid : 10/6 (w/v) HCl) (1:1;v/v) and the porphyrins in the eluates determined 
spectrophotometrically.
It was calculated that 9% of the porphyrins stayed at the 
origin with the dicarboxylic acid porphyrin marker, 52%, of the porphyrins 
streaked from the tricarboxylic to the hexacarboxylic acid porphyrin 
positions while ’¿9%o of the porphyrins migrated together with a brown band 
at the hepta-carboxylic acid porphyrin position.
The recovery from the electrophoresis paper using the elution 
solvent cited was 12% of the total loaded. However, when 10/6 (w/v) HCl was 
used for elution, recovery was much less due to the insolubility of the brown 
porphyrin band which migrated with heptacarboxylic acid porphyrin.
Alternatively, the precipitate prepared by the Acetic Acid 
Method was fully extracted with 10/6 (w/v) HCl, washed well with water and 
the residue extracted with 2% ammonia solution. Most of the brown material 
and porphyrins dissolved and the solution was then applied to electrophoresis
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paper in electrophoresis buffer« After electrophoresis, the bands were 
eluted with methanol-sulphuric acid (9Q:5;v/v) and the porphyrins determined 
spectrophotometrically.
The porphyrins were seen to migrate as a compact band close to 
heptacarboxylic acid porphyrin marker (71$ of the total) and also as a pink 
fluorescence which streaked from the dicarboxylic acid to the hexacarboxylic 
acid porphyrin position (29$ of the total),
(D) Hydrolysis of Acetic Acid Extract
To the acetic acid extract was added four volumes of 10$ (w/v) 
HC1 and the mixture heated for 18 hours at 80°C in the dark.
The hydrolysate was adjusted to pH 4 with sodium acetate 
solution and then extracted with ether. The amount of porphyrins in the 
ether was determined spectrophotometrically after extraction with 10$ (w/v) 
HC1 and compared with the amount of ether-soluble porphyrins of a control 
which had not been hydrolysed by acid. The ether-soluble porphyrins in the 
control were 5%  of the total porphyrins while the hydrolysed specimen 
yielded 11$ of the porphyrins in the ether extract.
The hydrolysis at 80°C for 18 hours was repeated on another 
specimen and the hydrolysate was treated with methanol-sulphuric acid 
(90:5;v/v) for 15 hours at room temperature. Under these conditions 20$ of 
the total porphyrins were found to be ether-soluble. The ether-soluble 
porphyrin esters were chromatographed in benzene-ethyl acetate-methanol 
(85:13.5:1.5;v/v) alongside suitable markers. Most of the porphyrin esters 
remained at the origin while a fraction was seen to streak to Rf 0,3 close 
to that of a haemato ester marker. No porphyrin ester was observed at the 
proto or copro ester position although these were the predominant ether- 
soluble porphyrins present in the faeces.
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(iii) Treatment with Methanol-Sulphuric Acid
A sample of the precipitate prepared by the Acetic Acid Method was 
exhaustively extracted with 10^ (w/v) HC1 and the precipitate was then 
dissolved in methanol-sulphuric acid (90:5;v/v) and allowed to stand for 
15 hours at room temperature* The porphyrin esters were treated by one of 
the following methods*
(A) Extraction with Ether
The solution of porphyrin esters in methanol-sulphuric acid 
(90:5;v/v) which had been standing for 15 hours at room temperature was 
extracted with ether after adjusting the pH to 4 with sodium acetate 
solution. The porphyrin esters extracted with ether were determined 
spectrophotometrically while the porphyrin esters remaining in the aqueous 
phase were extracted with chloroform and the amount of porphyrins present 
wore similarly determined. A large amount of precipitate formed at the 
interface in this procedure. This precipitate was dissolved in glacial 
acetic acid and the porphyrins in solution estimated. The results are 
given in Table 18 which shows the large amount of porphyrins that are still 
insoluble after the above procedures. The results also show that there is 
no confusion of ether-soluble porphyrins from the methanol-sulphuric acid 
treatment with the ether-soluble porphyrins not extracted with 10% (w/v)
HC1.
The ether-soluble porphyrin esters were separated by TLC in 
benzene:ethyl acetate:methanol (85:13.5:1.5;v/v) and their mobilities 
compared with that of a marker of ether-soluble porphyrin esters from the 
faeces of the same patient and prepared as described on page 45. Mo3t of 
the porphyrin esters remained at the origin in this system but for each of 
the markers used which moved there was a corresponding porphyrin in the lane 
loaded with porphyrin esters which were originally water-soluble esters.
(B) Extraction with Chloroform
A sample of the precipitate prepared by the Acetic Acid Method
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TABLE 18
The Effect of the Treatment of Insoluble Porphyrins* udt.h Rathanol«SulDhuric
Acid followed by Extraction with Ether
Amount of Percent.of* J.BCuj.on Porphyrin (pg) Original
Original, Insoluble Porphyrin 945 100
(l) First extraction with 10% HC1 397 42
(2) Second extraction with 10/S HC1 69 7.3
(3) Third extraction with 10^ HC1 7.5 0.8
(4 ) Extraction with Fiethanol-
353 37Sulphuric Acid
Ether Extract after
E8t.erification (Step 4) 27 2.9
(5) Residue 118 13
* Prepared as described on page 39.
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was exhaustively extracted with 10?o (w/v) HC1 and then dissolved in 
methanol-sulphuric acid (90:5;v/v). After esterification for 15 hours at 
room temperature, the porphyrin esters were extracted with chloroform and 
the chloroform extract evaporated to dryness. The residue was dissolved in 
10%  (w/v) HC1 and separated into ether and water-soluble fractions after 
adjusting the pH to 4 with sodium acetate solution. The distribution of 
porphyrins in various fractions obtained from the chloroform extraction 
procedure is given in Table 19, The large losses which resulted were due 
to porphyrins being bound to a precipitate which formed at the interface of 
the extraction of methanol-sulphuric acid with chloroform and also to a 
precipitate which formed when the solution in 10%  (w/v) HC1 was extracted 
with ether,
(iv) Treatment of Precipitate with Performic Acid
(A) Extraction with Performic Acid
An investigation was made of the effect of performic acid 
on the precipitate obtained from the Acetic Acid method (page 39) after 
thorough extraction with 10%> (w/v) HC1, Performic acid is known to break 
thio-other linkages between porphyrins and protein (Sanger, 1949) and has 
been used for studying cytochrome c_.
The precipitate described above was dissolved in 2%  ammonia 
solution and 0,1 ml of this solution was added to 7,9 ml of performic acid 
(formic acid ¡hydrogen peroxide, 30^;9:1; v/v). The amount of porphyrins 
present was determined at different times and the Contamination Coefficient 
(page 36) was calculated. A control in which 0,1 ml of the solution of 
porphyrins in the 2%  ammonia was added to 7.9 ml of formic acid was also 
studied. The results are given in Table 20.
Although porphyrin is being destroyed throughout the 
reaction, after about 15-30 minutes this destruction is seen to be quite 
small yet a substantial purification has resulted as seen by the drop in the 
Contamination Coefficient.
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TABLE 19
Tho Effect of the Treatment of Insoluble Porphyrins* with Methanol-Sulphuric 
Acid followed by Extraction with Chloroform
Fraction Amount of Porphyrin (pg)
Percent, of 
Original
Original Insoluble Porphyrin 945 100
(l) First two extracts with 10% HC1 466 49
(2) Third Extract with 10%> HC1 7.5 0.8
(3) Extraction with Methanol- 
Sulphuric Acid
353 37
Chloroform Extract after
107 11Esterification (Step 3)
Precipitate formed during
63Chloroform extraction 6.7
Evaporation of Chloroform Extract
(a) Ether-soluble porphyrins
35resulting from evaporation 3.7
(b) Water-soluble porphyrin esters
23
resulting from evaporation
2.4
(c) Residue 49 5.2
* Prepared os described on page 39.
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TABLE 20
The Action of Psrformic Acid on the Insoluble Porphyrins*
Sample
Insoluble Porphyrin treated 
with:-
Time of 
Reaction 
(minutes)
Amount of 
Porphyrin
(pg)
Percent, of 
that at 
Zero Time
Contam­
ination
Coeffic­
ient
Formic acid (control) 0 25.2 100 0.437
Formic acid (control) 120 23.3 92.5 0.446
Performic acid 5 28.8 114 0.277
Performic acid 13 29.4 117 0.196
Performic acid 30 26.8 106 0.193
Performic acid 60 20.5 81 0.200
Performic acid 120 9.6 38 0.200
Performic acid 280 3.6 14 0.236
* Prepared as described on page 39,
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(B) Release of Ether-Soluble Porphyrins by Psrformic Acid
Treatment
The precipitate obtained from the Acetic Acid Method was 
exhaustively extracted with 10/a (w/v) HC1 and then treated with performic 
acid (formic acid:30/£ hydrogen peroxide; 9:l;v/v) for 15 minutes at room 
temperature. Water (5 volumes) was added to the mixture before the pH was 
adjusted to 4 with sodium acetate solution. The ether-soluble porphyrins 
were extracted and estimated. The results were compared with a control in 
which formic acid and not performic acid was used.
Whereas only 1%  of the total porphyrins were ether- 
soluble in the control sample, 12%> of the porphyrins were found to be ether- 
soluble after treatment with performic acid.
(C) Esterification of Products after reaction with Performic
Acid
To esterify the porphyrins present after ths reaction with 
performic acid, the reaction mixture was added to methanol-sulphuric acid 
(40:5;v/v) with the volume of performic acid being kept below 10%  of the 
total volume. The dilution with methanol-sulphuric acid also tended to 
destroy or at least weaken the performic acid and prevented the destruction 
of porphyrins by peroxide (Table 20); satisfactory recoveries of the 
porphyrins were obtained.
After esterification, the porphyrin esters were extracted 
with chloroform and compared by TLC with a control in which only formic acid 
and not performic acid was used. Markers were used which were esters of 
porphyrins containing from two to eight carboxyl groups.
In both the control and the sample reacted with performic 
acid, traces of proto and copro esters were observed. However, the samples 
reacted with performic acid contained most of the porphyrins in the region 
from the origin to about penta carboxylic acid porphyrin position with a 
greater concentration at the haemato ester position, whereas very little
94
porphyrin was seon in this region in the control.
In the chloroform-methanol (85:15;v/v) solvent system only 
streaking was observed in th8 formic acid control while distinct porphyrin 
bands migrating near the synthetic water-soluble porphyrin ester markers 
USP1 and USP2 were observed in the specimen treated with performic acid.
There was also widespread streaking of porphyrin fluorescence seen on this 
chromatogram. This result may be interpreted as indicating either a release 
of the respective porphyrins with performic acid or a destruction by the 
performic acid of compounds which inhibit the fluorescence of porphyrins on 
the TLC plates.
oo Loss of Water-Soluble Porphyrin Esters by their Failure 
to Precipitate Completely
Solvent Extraction
The fraction of natural water-soluble porphyrin esters that 
are not bound to the precipitate in the Esterification Method (page 45) is a 
significant one containing 15-25% of the total water-soluble porphyrin esters 
in the faeces.
When ethyl acetate was used to extract these water-soluble 
porphyrin esters from the supernatant in the Esterification Method, about 
70-80?S of the porphyrins in this fraction was recovered whereas n-butanol 
gave higher yields (approximately 90^). One of the difficulties was that all 
the solvents used also extracted varying amounts of brown impurities and 
fluorescing compounds. These compounds effectively quenched any fluorescence 
of the water-soluble porphyrin esters and hence interfered in the separation 
of the porphyrins by TLC by making it difficult to locate the porphyrins.
The solvents which were most efficient in extracting the porphyrins also 
tended to be the most efficient in extracting the impurities.
It was found that by passing the aqueous supernatant of 
water-soluble porphyrin esters, as prepared by the esterification method, 
through a DEAE-collulose column prepared in water, most of the brown coloured
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and blue fluorescing impurities were not retained while a thin brown band 
containing the porphyrin esters adhered to the top of the column. Elution 
of the column with 1U% (w/v) HC1 successfully removed the porphyrin esters 
in a form reasonably free from impurities. The eluate was adjusted to pH 4 
with sodium acetate solution and ethyl acetate used to extract the porphyrin 
esters.
The porphyrin esters so prepared were pink coloured in acid 
solutions showing little contamination with the brown impurities and blue 
fluorescing compounds. Moreover, the water-soluble porphyrin esters in this 
fraction behaved identically on TLC in chloroform-methanol (85:15;v/v) to 
the water-soluble porphyrin esters prepared from the brown precipitate from 
the Acetic Acid Method as described on page 39. TLC in benzene-ethyl acetate- 
methanol (85:13.5:1.5;v/v) showed that other-soluble porphyrin esters present 
were released from the water-soluble fraction and these contained the same 
porphyrins as present in the total ether-soluble porphyrin fraction prepared 
as shown on page 45. Also, TLC in chloroform-methanol (85:15;v/v) showed 
that as well as the labile ether-soluble porphyrin esters moving with the 
front, there were present the porphyrin esters USP1, USP2 and liJSPO found in 
the brown precipitate obtained in the Acetic Acid Method for preparing water- 
soluble porphyrin esters.
The results described in this section revealed the large 
losses involved in a variety of methods for preparing water-soluble porphyrin 
esters. Although performic acid treatment showed promise as a method for 
isolating water-soluble porphyrin esters with low contamination coefficients, 
it was not known what other chemical changes occurred to the porphyrins.
Thus performic acid treatment of extracts of faeces could not be considered 
a feasible means of purifying the faecal porphyrins.
In the experiments performed in this section, it was 
shown that a simple extraction and purification of the 
natural water-soluble porphyrin esters is unlikely.
However, in the various attempts at purification, 
interesting properties of the porphyrins wore found.
(3) PROPERTIES OF THE NATURAL I'JATER-SOLUBLE PORPHYRIN ESTERS 
(a) General Solubility Properties
After purification and esterification of the natural water-soluble 
porphyrins (Materials and Methods), TLC in chloroform-methanol (85:15;v/v) 
showed about 50/S of the porphyrins migrating with the front with about 40/o 
at the origin to be called natural WSPO. There was also 5%  of the porphyrins 
in each of two bands natural WSPl and natural UISP2. natural WSPl and WSP2 
had Rf values of 0.3 and 0.2 respectively which were similar to the mobilities 
of the synthetic porphyrins WSPl and USP2.
It has been reported (Poulos, 1973) that treatment of natural water- 
soluble porphyrin esters WSPl and WSP2 from a patient with variegate 
porphyria with diazo-methane resulted in the formation of ether-soluble 
porphyrins. The following aro results of more extensive experiments with 
the WSPl fraction from another unrelated patient with variegate porphyria.
The WSPl fraction uas purified by the Esterification Method (page 45).
An extra purification step was used in which the porphyrin esters were 
extracted from the ethyl acetate solution with 10%  (w/v) HC1 after addition 
of three volumes of ether and returned to ethyl acetate after adjustment to 
pH 4 with sodium acetate solution. The WSPl band obtained by TLC was 
treated with methanol-sulphuric acid (90:5;v/v) to ensure there uas no 
confusion with partially esterified porphyrins. After extraction with 
ethyl acetate, the porphyrin esters were shown by TLC in chloroform- 
methanol (85:15;v/v) to be mainly unchanged WSPl with only a minor component 
migrating with the front with the ether-soluble porphyrin ester fraction.
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Aftor drying the plate in air and re-running in the same solv/ont system, the 
WSPl band was seen to be comprised of at least two porphyrins a similarity 
shared with the synthetic WSPl fraction. In benzene-ethyl acetate-methanol 
(85:13,5:1,5;v/v) most of the porphyrin esters stayed at the origin with 
again only traces migrating with the other-soluble porphyrin ester markers. 
The following solubility properties lend support to the conclusion that 
both basic and acidic groups are present on the porphyrin even after 
esterification with methanol-sulphuric acid,
(i) The porphyrin esters constituting the WSPl fraction were 
extracted from the TLC plate with methanol and the solvent evaporated. The 
porphyrin esters so obtained were soluble in 1 M K2C0^. Controls of haemato, 
proto, copro and uro esters treated similarly were not soluble in 1 FI K^CO^. 
Moreover, WSPl was poorly extracted with othyl acetate from the alkaline 
solution whereas the controls of porphyrin esters were extracted effectively 
under these conditions. As with the synthetic WSPl fraction, extraction witli 
1 M K2C03 or 1 M NH^QH from ethyl acetate was poor but good extraction 
resulted if three volumes of ether were added to the ethyl acetate solution 
prior to extraction.
(ii) The purified, natural WSPl fraction was extracted directly 
from ethyl acetate with 10% (w/v) HC1. Also, after evaporation of a chloro­
form solution of the porphyrin ester, WSPl uas readily soluble in 10%> (w/v) 
HC1.
(iii) When natural WSPl uas dissolved in methanol-glacial acetic 
acid (49:l;v/v) and treated with diazo-methane, the porphyrin ester became 
ether-soluble and migrated on TLC in benzene-ethyl acetate-methanol 
(85:13.5:1.5;v/v) close to copro ester. When the chromatogram was dried and 
re-run in the same solvent system to improve the resolution, the original 
single band separated into two. The WSPl fraction, after treatment with 
diazo-methane, could not be extracted with 1 M f^CO^ from ether possibly 
because the diazo-methane esterified an acidic group which is not normally 
esterified with methanol-sulphuric acid.
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Another solubility property shared with the synthetic water- 
soluble porphyrin esters is the failure of the natural water-soluble 
porphyrin esters to be extracted with ethyl acetate from aqueous solutions 
at pH 7. When purified or partially purified natural WSP1 or WSPO was 
dissolved in a small amount of methanol and then water added, very little 
of the porphyrin was extracted into ether or ethyl acetate. However when 
a small amount of HC1 was added followed by immediate adjustment of the 
pH to 4-5 with sodium acetate the porphyrins could be extracted into ethyl 
acetate but not into ether. When these experiemtns were repeated with 
synthetic water-soluble porphyrin esters WSP1 or WSP2, similar results were 
obtained. These results further suggest the presence of a compound 
containing an acidic group which is not extractable into ethyl acetate at 
pH 7 but is readily extracted at pH 4-5.
(b) Action of Alkali on Natural Water-Soluble Porphyrin Esters
A mixture of natural water-soluble porphyrin esters was prepared by the 
Esterification fiethod (page45) stopping the procedure at the ethyl acetate 
extraction. After evaporation of the ethyl acetate and traces of acetic 
acid, the porphyrin esters was dissolved in ethyl acetate using a few drops 
of methanol to aid dissolution. Ether (three volumes) was added and two 
extractions with 1 M NH^OH were carried out. The aqueous extracts were 
adjusted to pH 4 with glacial acetic acid and the porphyrins were extracted 
from this solution with ethyl acetate.
The porphyrins prepared by this procedure were compared by TLC with a 
control of these porphyrins which had not been so treated. The control 
showed porphyrins migrating at the front as well as porphyrins with similar 
mobility to the synthetic water-soluble porphyrin esters WSP1 and WSP2. As 
well there was porphyrin fluorescence at the origin. The ammoniacal extracts 
described above showed a similar pattern to the control with two porphyrins 
with similar mobilities to the synthetic porphyrins WSP1 and WSP2 as well
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porphyrin at the origin. However, no porphyrin was seen at the front in 
this fraction.
These results further suggest the presence of an acidic group in the 
natural water-soluble porphyrin esters even after treatment with methanol- 
sulphuric acid. The ether-soluble porphyrin esters at the front, as 
expected, were not extracted into alkali while a control using haemato ester 
was similarly not extracted into ammonia.
Throughout this thesis, the natural water-soluble porphyrin 
ester migrating on TLC in chloroform:methanol (85:15;v/v) with 
mobility 0.3 similar to the synthetic porphyrin will be called 
natural USP1. Similarly, the natural porphyrin with mobility 
0.2 on TLC migrating close to the synthetic porphyrin will be 
called natural USP2. The natural water-soluble porphyrin ester 
staying at the origin on TLC will be called natural LfSPO.
(c) Infra-Red Spectroscopy of Natural Water-Soluble Porphyrins
The infra-red spectra of fractions of the natural uater-9olubia
porphyrin esters were measured in KBr discs and the salient features are 
given in Table 21. Features of the IR spectra of the synthetic water- 
soluble porphyrin esters and controls of haemato ester and proto ester 
are given for comparison.
The spectra of the natural porphyrins were typical of those obtained 
with other porphyrins such as proto and haemato esters except for the 
absorption peak at 1040 cnf*^ .
(d) Hass Spectrometry
(i) Electron Impact Hass Spectrometry
Electron impact mass spectrometry (page 29 ) was carried out 
on the natural wator-soluble porphyrin esters WSP1 and WSP2 after treatment 
with diazo-mothane. However, under the conditions choson (e.g. slowly
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TABLE 21
The Infra-Hed Spectra of Natural Water-Soluble Porphyrin Ester» WSP1 and 
Controls
Sample Fledium Some Hajor IR Absorption Banda 
(cm“1)
Assignments
Natural W5P1 KBr 1040 putative - SO3 H
1735 - c o o c h 3
2805-3000 - NH
3410 putative - SO3 H
Synthotic USPl KBr 1025 - SO3 H
1735 - COOCH3
2835-2935 - NH
3415 - SO3 H
Synthetic LISP2 KBr 1025 - SO3 H
1735 - COOCH3
2835-2935 - NH
3415 - SO3 H
Proto Ester CHCI3 1735 - CCOCH3
2875-3005 - NH
Haemato Ester CHCI3 1730 - COOCH3
2820-3020 - NH
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heating the source to temperatures between 20G°C~280°C), no spectra 
attributable to porphyrins wore obtained. Apparently, destruction of the 
porphyrins had occurred or else only impurities present in the solvents, 
and TLC plates used in the isolation of the porphyrins, were volatile 
under the conditions chosen,
(ii) Chemical Ionization Hass Spectrometry
Chemical ionization mass spectrometry of the natural water- 
soluble porphyrin esters WSP1 and UISP2 after treatment with diazo-methano 
gave similar results to those obtained with electron impact mass spectro­
metry# Either destruction of the porphyrins resulted under the conditions 
chosen or else the impurities being more volatile gavo rise to a complex 
spectrum not attributable to porphyrins,
(iii) Field Desorption Hass Spectrometry
Field desorption mass spectrometry was carried out on one of 
the natural water-soluble porphyrin esters as described in tho Materials 
and Methods, The fractions prepared for analysis were natural bJSPl after 
treatment with diazo-methane as well as the copper complex of this compound*
The spectra revealed that even after extensive purification 
by cellulose chromatography, TLC and treatment with diazo-methane 
considerable impurities remained which hampered unambiguous interpretation 
of the spectra. The most likely impurity appeared to be the brown 
impurities which travelled along the TLC plates with the porphyrins and which 
also tended to streak throughout the chromatogram#
With the copper complex of natural WSP1 treated with diazo- 
methane the largest peak was at 769 but as well there were fragments at 
higher and lower mass number. Although this paak is in the correct mass 
range for a porphyrin containing the methyl ester of a sulphonic ecid, the 
lack of other peaks which could be positively attributed to porphyrins made 
it impossible to confirm this conclusion.
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It is possibls to say, however, that although the structures of the 
synthetic and natural water-soluble porphyrin esters may be chsmically 
similar from ths results of previous experiments, they are not identical*
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(4) DIAGNOSTIC SIGNIFICANCE OF NATURAL WATER-SOLUBLE PORPHYRIN ESTERS
The natural water-soluble porphyrin esters were purified and separated
\ _
by TLC (page 37) from 0.25-0.30 g wet weight of faeces from patients with 
copro, variegate, toxic and erythrohepatic protoporphyria as well as from 
normal subjects. The diseases had been diagnosed using biochemical methods, 
study of hereditary involvement and also a knowledge of the clinical symptoms 
as described on page 39.
The results of the analysis of faeces for water-soluble porphyrin esters 
are shown in Table 22 and indicate that under the conditions employed, patients 
with variegate porphyria possessed a characteristic pattern of the water- 
soluble porphyrin esters. In patients with variegate porphyria USP1, W5P2 
and USPO bands were all evident under UV light while in patients with toxic 
porphyria only the UISP1 band was evident. In patients with copro or 
erythropoietic protoporphyria no bands were seen even when several grams wet 
weight of faeces were extracted to allow for the low excretion of total 
porphyrin by normal subjects. In all of the cases studied, substantial 
amounts of porphyrin estors migrating at the front with the ether-soluble 
porphyrin esters wore seen.
A more detailed investigation of the porphyrins from various patients 
with porphyria was undertaken and the bands on the TLC plates in the region 
of the water-soluble porphyrin estors were eluted oven if no porphyrin 
fluorescence was evident. The amounts of porphyrins present in the 
different bands are given in Table 23. It can be seen that the amount of 
the water-soluble porphyrin esters bears no relationship to the amount of 
the normal ether-soluble porphyrin esters excreted. Also from this Table 
there is no clear relationship between the total water-soluble porphyrin 
esters and the relative amounts of the individual porphyrins excreted.
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TABLE 22
The use of the Separated Water-Soluble Porphyrin Esters as an aid to 
Diagnosis of Porphyria*
Patient
Porphyrin 
Fluorescence 
at Front
Porphyrin 
Fluorescence 
at USPI
Porphyrin 
Fluorescence 
at USP2
Porphyrin 
Fluorescence 
at DSP 
origin
Normal (l) + _ - -
Normal (2) 4* - - -
Normal (3) + - - -
Normal (4)** 4- • 9 - -
Coproporphyria (l) + - -
(2) 4* - -
Toxic Porphyria (l I 4- + - -
( 2 i + + - -
(3 + + - -
( 4 4* + - -
( 5 i 4- 4- - -
Variegate
Porphyria (l 1 4* 4- 4- 4-
(2 i + 4- 4- 4-
(3 i 4- 4* 4- 4-
Erythropoietic
Protoporphyria 4- - - -
0 )
* 0,25 - 0.3 g wot weight faeces used for determination
** 6 g wet weight faeces used for determination
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SECTION G 
RESULTS
THE SUDUROPORPHYRINS
fl) PROBLEMS CAUSED BY PARTIAL ESTERIFICATION OF PORPHYRINS
In purifying natural porphyrin esters by TLC after an estorification 
procedure, care was taken to ensure that contamination by partially esterified 
products uas kept to a minimum. A short study was made of somo of the 
partial esters which may effect the separation of purified porphyrin esters 
by TLC.
Uith the ether-soluble porphyrin methyl esters isolated from the faeces 
of patients uith variegate porphyria, porphyrins migrating approximately 
uith the mobility of haemato ester (i.e. in the suburo region) were observed 
when benzene-ethyl acetate-methanol (85:13.5:1.5;v/v) uas the solvent.
Uhen the suburo region uas eluted and submitted to TLC two or three 
times uith benzene-methanol (98:2;v/v) several discrete bands were seen.
Only a trace of porphyrin migrated uith the same mobility as authentic 
haemato ester in this system. The bands of porphyrin esters were each eluted 
and re-esterified uith methanol-sulphuric acid (9Q:5;v/v) at room temperature 
for 15 hours in the dark. Four of the porphyrin bands were not affected by 
re-esterification. However, one of the porphyrin bands migrated uith a copro 
estor marker and another migrated uith a proto ester marker. Considering 
the large amount of proto and copro isolated from the faeces of these patients, 
it uas reasonable to assume that these bands corresponded to partially 
esterified copro and proto. For proto, the partial ester must possess one 
carboxyl group free since proto in which both carboxyl groups are free does 
not move in the solvent system used. It seems likely also that the partial 
copro in this region also has one carboxyl group free.
Tests were also carried out on the faeces of a patient uith copro­
porphyria uho excreted large amounts of copro. A porphyrin band, from the
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total faecal porphyrins, was prepared which had approximately the same 
Rf as haemato. This band increased in mobility to move as copro ester after 
esterification with methanol-sulphuric acid (90:5;v/v). Very careful TLC 
in benzenermethanol (98:2;v/v) revealed that the partial ester was composed 
of at least three components present in about equal amounts#
The partial ester of copro was prepared by TLC in benzene-ethyl acetate- 
methanol (85:13.5:1.5;v/v) in sufficient quantities to conduct a brief study 
of its solubility properties. Although quite soluble in ether, shaking the 
solution with 1 fl causecJ the removal of the porphyrins from the ether
only slowly. This procedure normally ensures rapid and complete extraction 
of fully hydrolysed porphyrins. However, the partial esters were not very 
soluble in the carbonate solution and tended to remain at the interface.
It thus appears that great care must be taken in preparing porphyrins 
by TLC with mobility less than uro ester since partial esters may migrate 
in this region. To ensure complete esterification, therefore, a further 
treatment of the porphyrins with methanol-sulphuric acid (90:5;v/v) was 
carried out after an initial purification on TLC.
In studying the effect of two and more free carboxyl groups on the 
mobility of porphyrins on TLC, free haemato, copro, meso, deutero and uro 
were compared with the methyl esters of proto, copro and uro and also with 
the synthetic water-soluble porphyrin esters. In benzene-ethyl acetate- 
methanol (85:13.5:1.5;v/v), none of the free porphyrins or the synthetic 
water-soluble porphyrin esters migrated whereas the control porphyrins with 
between 2 and 8 carboxylic ester groups all migrated. In chloroform-methanol 
(85:15;v/v), the methyl esters of proto, copro and uro migrated to the front 
while the synthetic porphyrins USPl and USP2 migrated with Rf values of 0.3 
and 0.2 respectively. Free copro and uro failed to migrate in this system 
but free haemato and free proto migrated with Rf values of 0.1 and 0.2 
respectively.
This it can bo seen that some contamination of synthetic USP2 may 
result from the presence of free proto but free copro or uro should not 
be present. Since the mobilities of the natural water-soluble porphyrin 
esters are very similar to the synthetic ones, these conclusions also hold 
for the purification of the natural uater-soluble porphyrin esters.
(2) PURIFICATION OF THE SUBUROPORPHYRIN ESTERS
The ether-soluble porphyrin esters were separated from the faeces of a 
patient with variegate porphyria as described on page 45* The section of the 
TLC plates between uro ester and the origin was eluted with methanol and the 
oxtract concentrated by evaporation. The porphyrin esters in this sample 
were separated after TLC in benzene-methanol (95:5:4.5;v/v) by developing 
the plates several times. The TLC plates were dried in air betueen each run. 
By this method, very good separation of porphyrin esters with similar 
polarities was possible. Six porphyrin esters were obtained and on 
examination by TLC each was found to behave as a single component. The 
fractions were labelled ES 1, 2, 3A, 3B, 4 and 5 and were examined as 
described in Sections 3-6 below.
(3) RE-ESTERIFICATION OF SUBUROPORPHYRINS
Although the unknown ether-soluble porphyrin esters were prepared in 
ether and extracted well with 1 H K^CO^, there was a possibility that 
partially esterified porphyrins were present in the region of the chromatogram 
eluted.
All of the unknown ether-soluble porphyrin esters were re-esterified 
individually with methanol-sulphuric acid (90:5;v/v) for 15 hours at room 
temperature in the dark. The porphyrin esters were extracted with ether and 
compared by TLC in benzene-methanol (95.5:4.5;v/v) with suitable markers and 
with the porphyrins which had not been ro-esterified.
The ESI band after re-esterification migrated with the proto ester 
control leaving behind two bands ES1A and ES1B, Hence ESI was found to be 
a mixture of partially esterified proto along with the completely esterified
113
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components ES1A and ES1E3.
All of the other unknown ether-soluble porphyrins ES2, 3A, 3B, 4 and 
5, travelled with the same mobility on TLC as the controls and hence were 
fully esterified.
(4) ELECTROPHORESIS OF THE SUBUROPQRPHYRINS
The unknown ether-soluble porphyrin esters were hydrolysed with acetic 
acid-concentrated HC1 (page 33) and electrophoresis of the hydrolysate was 
carried out under alkaline conditions (page 38) with suitable markers 
containing a mixture of porphyrins with between two and eight carboxylic 
acid groups.
All of the hydrolysed unknown porphyrins stayed at or very close to thG 
origin along with the dicarboxylic acid porphyrin fraction.
The behaviour of the hydrolysed sub-uroporphyrins on electrophoresis is 
consistent with them possessing either 2 or 3 carboxylic acid groups. As 
explained previously, distinguishing between porphyrins containing two and 
three carboxylic acid groups by electrophoresis is very difficult.
(5) TEST TOR HYDROXYL GROUPS
All of the unknown other-soluble porphyrin esters were treated with 
acetic anhydride as a test for hydroxyl groups as described on page 33 
and compared with a control which was not so treated.
Comparison of the mobilities on TLC with a suitable marker which was 
also acetylated gave the results shown in Table 24. With haemato ester an 
increase in Rf of 0.7 was due to the acetylation of two hydroxyl groups 
whereas the presence of one hydroxyl group would result in an increase in 
Rf of about 0.35 (Barrett, 1959). It can be seen that only ES1A, ES1B and 
ES4 were acetylated and hence probably contain hydroxyl groups. From the 
magnitude of the increase in Rf values, one can postulate that ES1A and 
E51B each contain two hydroxyl groups while ES4 has only one. However with 
ES3B and ES5, a small but definite increase in Rf occurred. This may be the 
result of acotylation of another group perhaps an amino group. The unknown
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TABLE: 24
Affoct of Acetylation on the nobilities in TLC of the Unknoun Ether-Soluble 
Porphyrin Esters
Rf Value BEH Solvent System
Porphyrin Fraction Before Acetylation After Acetylation
ES1A 0.1 o • CO
ES10 0.1
CO•c
ES2 0.1 0.1
ES3A 0.1 0.1
ES3B 0.1 0.1
ES4 0.1 0.15
ES5 0.1 0.15
Haemato ester 0.1
CO.o
* benzene ethyl acetate-methanol (05:13.5:1.5; v/v) 
** bonzeno-methanol (90:2; v/v)
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porphyrin esters ES2 and ES3A are not acetylated apparently, and are very 
unusual in being di-or tri-carboxylic acid porphyrins (as indicated by the 
electrophoretic mobility) havingthe mobility on TLC of haemato ester but 
not possessing any hydroxyl groups.
(6) VISIBLE SPECTRA AMD SORET PEAKS
The visible spectra of the unknown ether-soluble porphyrin esters were 
recorded in chloroform. The wavelengths of the Soret peaks were measured 
in chloroform as well as in 10% (w/v) HC1. Controls of proto, haemato and 
copro esters were used for comparison. The results are given in Table 25.
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table: 25
V5.sib.ls Spectre end Sorot Peaks of Unknown Ether-Soluble Porphyrins 
in Chloroform
Porphyrin
Fraction
Soret Peak 
(nm)
Visible Spectra
Band I 
(nm)
Band II 
(nm)
Band III 
(nm)
Band IV 
(nm)
Type of 
Specimen
ES1A 4B3.5 624.5 570.5 536.5 502 astio
ES1B 4B4.5 625.5 570.5 537.5 502.5 aetio
ES2 4B3.5 623.5 569 537 502.5 aetio
ES3A 404.5 624 570c 5 536.5 502 aetio
ES3B 403.5 624 563.5 536.5 501 aetio
ES4 404.5 623.5 570 537.5 502.5 aetio
ES5 404 623 570 537.5 502.5 astio
Mixture of Above 405 623 569.5 538 503 aetio
*Proto Ester 407 630 575 541 505 aetio
*Copro Ester 400 621 566 532 498 aetio
*Haemato Ester 399.5 622 568 533 499 aetio
* From Falk (1964) and Smith (1975)
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DISCUSSION
General
The natural water-soluble porphyrin esters occurring in the faeces of 
patients with variegate porphyria were studied in order to determine their 
structures and from these to postulate on their significance in porphyria. 
However, their presence in such small amounts and the difficulties 
encountered in extracting and purifying these compounds, led to attempts 
at preparing synthetic water-soluble porphyrin esters as an aid for 
structural determinations of the natural porphyrin esters.
Previous investigations of the water-soluble porphyrin esters in 
variegate porphyria (Poulos, 1973) showed that a small portion of the water- 
soluble fraction, which had been prepared and separated by TLC, contained 
at least two components with a charged moiety on tho molecules even after 
esterification with methanol-sulphuric acid. Also, on treatment of the 
preparations with diazo-methane, the charga was lost and the porphyrins 
became ether-soluble. It was postulated that the presence of a sulphonic 
acid group on the porphyrins could account for these properties. The 
sulphonic acid could arise in some manner from the protein-porphyrin 
conjugates identified by Rimington and co-workers in patients with variegate 
porphyria and in which a thio-ether group has been suggested to occur 
(Rimington et al., 1968).
With this possibility in mind, it was decided to prepare sulphonated 
porphyrins as model compounds and to compare their properties with those of 
the natural water-soluble porphyrin esters. The sulphonated porphyrins did, 
in fact, behave similarly in many ways, to the natural water-soluble 
porphyrin esters.
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SYNTHETIC tilflTER-.S01.UBLE: PCRPHYRIfJ ESTERS 
Statement of Findings
The present work on the products of the reaction of sodium 
metabisulphite on haemato is consistent with the sequential sulphonation 
of haemato as shown in Figure 6, The effect of prolonged sulphonation is 
to render the porphyrins progressively more polar. The structures of the 
synthetic water-soluble porphyrin esters liiSPla, USPlb, IJ3P2 and USPO 
described in the Results section have been established by a combination of 
chemical and physical methods.
Change in Solubility During Reaction
As the reaction of haemato with sodium metabisulphite progressed, the 
products after esterification became more polar than the original haemato,
In 5-15 minutes of reaction at 90-95°C most of the products after becoming 
ether-insoluble were extractable into ethyl acetate. However, after 60 
minutes of reaction most of the products could not be extracted into ether 
or ethyl acetate but were extractable into butanol.
This increase in polarity of the products was also demonstrated by 
TLC in chloroform-methanol solvent systems. Thus after continued 
sulphonation the products were shown to have progressively slower mobilities 
on TLC.
The purified individual synthetic porphyrins USP1 (comprising OJSPla 
arid USPlb), U3P2 and USPO when tested by partitioning between aqueous 
medium at pH 4 and either chloroform, ethyl acetate or butanol showed 
differences in polarity. Thus USPO being formed late in the reaction was 
more highly sulphonated than USP1 and USP2 and was poorly extracted into 
ethyl acetate but was extracted into butanol. On the other hand, USP1 and 
USP2 were less sulphonated than USPO being formed early in the reaction and 
were readily extracted into ethyl acetate.
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F I G U R E  6
F o r m a t i o n  of S u l p h o n a t e d  P o r p h y r i n s  f r o m  H a o m a t o  Esters from Haemato by 
Reaction with Sodium Metabisulphite
U S  PI a
c o n t i n u e d  o v e r l e a f
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Figure 6 (continued)
Posslblo Inpurity in WSPlb
Haomato Preparation
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Possibility of Bisulphite Addition Product 
Ths synthetic water-soluble porphyrin esters showed considerable 
stability to mineral acid ruling out the possibility of their being 
bisulphite addition products. Thus the methanol-sulphuric acid (90:5;v/v) 
used for esterification would have been capable of destroying a bisulphite 
addition product as would dissolution in alkali since bisulphite addition 
compounds are only stable under neutral conditions (Shriver et al,, 1962),
In fact, the synthetic porphyrins showed marked stability to mineral acid 
since treatment with HC1 at 8C)°C for 18 hours followed by re-esterification, 
caused little alteration in their properties on TLC.
Interconvorsion of Synthetic Porphyrins 
It was possible that during the preparation of the synthetic water- 
soluble porphyrin esters some hydrolysis of the ester bands had occurred and 
that liiSPl, USP2 and UfSPO were merely different partially hydrolysed esters. 
However, after re-osterifying the purified fractions, their mobilities 
remained virtually unchanged on TLC thus demonstrating they wore not partial 
esters. It was observed however, that partial interconversion between IJSP1 
and WSP2 did occur but this was not due to the presence of partial esters 
due to its very limited extent.
A possible explanation for this interconver3ion is that, as in the 
esterification of haemato (page 51 ), some mathylation of the hydroxyl
I
groups occurred. Thus the methylation of the hydroxyl group on USP2 gave 
a product with mobility similar to USP1. The action of BF3 on the synthetic 
porphyrins also caused some interconversion between bJSPl and WSP2 and this 
may be explained in a similar manner. Another possible mechanism 
explaining interconversion is the fact that the vinyl group on proto can 
undergo hydration to give rise to haemato while haemato can undergo 
dehydration to give proto under aqueous acid conditions (Falk, 1964).
123
Necessity of an Hydroxyl Group for Reaction to Occur 
A free hydroxyl group on the porphyrin appears necessary if reaction 
with sodium metabisulphite is to occur. Thus, when proto, copro and uro 
esters which do not have hydroxyl groups were reacted with sodium meta- 
bisulphite only very small amounts of water-soluble products were detected. 
Moreover, whereas both free haemato and haemato ester roacted to form water- 
soluble products, tetramethyl haemato, in which the hydroxyl groups of 
haemato are converted to methyl ether groups, did not react to any 
significant extent.
Presence of Acidic Groups After Reaction 
The solubility of the synthetic water-soluble porphyrin esters WSP1, 
USP2 and USPO in alkali further suggested that a sulphonation reaction had 
occurred. The esters of haemato, proto, copro and uro are insoluble in 
alkali since the carboxyl groups have been protected by methyl groups. 
Treatment of the synthetic porphyrins with methanol-sulphuric acid is 
capable of esterifying the carboxyl groups but leaves the sulphonic acid 
groups free.
Subjecting the synthetic porphyrin bJSPO to electrophoresis caused a 
migration consistent with the presence of several acidic groups in this 
compound even after esterification with methanol-sulphuric acid.
Treatment of WSP1 and USP2 with diazo-methano gave variable yields of 
ether-soluble porphyrins which wero insoluble in alkali. The esterification 
of sulphonic acid groups on organic compounds with diazo-methane is well 
established (Showell & Russell, 1962j Fieser & Fieser, 1967) although 
there is at least one report (Morrison & Boyd, 1972) that this reaction 
does not occur. It seems likely that this discrepancy is due to the fact 
that esterification occurs with a free sulphonic acid and not with the 
sodium salt (Fieser and F5esert 1967). The presence of sodium Salts of* 
sulphonated porphyrins may account for the variable yields of methylated 
products in the present preparations.
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Attempts to Remove Sulphonic Acid Groupa 
Attempts to remove the sulphonic acid groups by refluxing the synthetic 
sulphonated porphyrins with strong sulphuric acid solutions were not success­
ful although these conditions are adequate for the desulphonation of 3-nitro 
4-amino benzene sulphonic acid (Gilman and Blott, 1961)«
Similarly, fusion of the synthetic porphyrins with alkali was not 
successful because of destruction of the porphyrin nucleus.
Removal of Hydroxyl Groups on Sulphonation 
The results from the acetylation experiments (page 66 ) showed that 
USPla, USPlb and USPO did not contain hydroxyl groups while USP2 contained 
at least one hydroxyl group. The product USPO, which contains more than one 
sulphonic acid group from electrophoretic evidence a 3  well as a loss of the 
hydroxyl groups from the haemato starting material supports the postulate 
that sulphonation is taking place by replacement of the hydroxyl groups.
Number of Charges
Electrophoresis suggested the presence of either two or three negative 
charges at alkaline pH on USP1 and USP2 while USPO behaved as if possessing 
four negative charges. After acid hydrolysis to break carboxyl ester bonds, 
the products arising from USP1 and USP2 behaved as if possessing four charges 
while the hydrolysis product from USPO appeared to contain five charges.
These results are consistent with the presence of carboxylic ester groups 
on all of the porphyrins which are removed on hydrolysis. The results are 
also consistent with USPO having more than one sulphonic acid group.
Moreover, the results of elemental analysis support the proposal that only 
one sulphonic acid group is present in USP1 and in USP2 when allowance is 
made for the hygroscopic nature of these two compounds.
Visible Spectra and the Soret Bands 
The visible spectra of the products of treatment of USPla and USPlb 
with diazo-methane ("diazo USPla" and "diazo USPlb") were characteristically
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different. The higher wavelength of Band I in tho spectrum of diazo WSPla 
compared with diazo WSPlb is consistent with the presence of a vinyl 
side-chain on diazo WSPla. The fact that the wavelength of band I of 
diazo WSPla is mid-way between those of diazo WSPlb and proto oster 
suggests that there is only one vinyl group on diazo WSPla further 
supporting the structure proposed in Figure 5.
Since there is no hydroxyl group remaining on diazo WSPlb as shown 
from the acetylation experiments, it seems likely therefore that diazo 
WSPlb contains an ethyl side-chain. It is not clear how an ethyl side- 
chain could arise from an hydroxy ethyl group in the sulphonotion reaction. 
One possibility, however, i3 that a compound with an ethyl side-chain is 
present as an impurity in the original haemato used for the sulphonation 
reaction and that diazo WSPlb is therefore the methyl sulphonate of this 
compound (Figure 5).
A study of the Soret band3 of diazo WSPla, diazo WSPlb and proto ester, 
similarly support the suggestion that diazo WSPla contains one vinyl group 
while diazo WSPlb contains none.
The lower wavelength of band I of WSP2 and WSPO compared to proto 
oster suggests also that there are no vinyl groups on these compounds.
Thi3 is also in agreement with the evidence from a comparison of the Soret 
bands of these compounds with the Soret band of proto ester.
All of the synthetic porphyrins displayed an aetio-type spectrum 
(Band I< Band II< Band III< Band IV) in contrast to the phyllo-type 
spectrum of the sulphonated porphyrin described by Smith (1975) (Table 13). 
The phyllo type spectrum in this compound can be explained by the direct 
attachment of the sulphonic acid groups to the porphyrin nucleus. It thus 
seems likely from the aotio-type spectrum of the compounds described in 
this thesis,that the oulphonic acid groups are attached to a side-chain and 
not directly to the porphyrin nucleus.
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Infra-Red Spectra
The IR spectra of the synthetic water-soluble porphyrin esters were 
different from the spectra of starting material haemato and wore consistent 
with the presence of one or more sulphonic acid groups. The medium to large 
absorption band at about 1D25 cm”'1' was evident in all the free sulphonated 
porphyrins but the second major band due to th8 sulphonic acid group was 
masked by other absorption bands due to the porphyrin nucleus. After 
treatment of the synthetic water-soluble porphyrin esters with diazo-methana 
the absorption band at 1025 cm  ^was lost and probably moved to the region in 
which the porphyrin nucleus absorbed strongly. The second IR absorption 
peak due to a sulphonic ester group would also have been masked,
Hass Spectra
The inability of chemical ionization and electron impact mass 
spectrometry of the synthetic porphyrins to give rise to a molecular ion is 
probably attributable to the presence of the sulphonic acid group. Although 
mass spectra with molecular ions of 1-3^ havo been obtained with the ester 
derivatives of sulphonic acid compounds with low molecular weights 
(Truce ct al,, 1967) it appears that sulphonation of the porphyrin 
nucleus with its relatively large molecular weight has caused the limits 
of these methods of mas3 spectrometry to be exceeded. Although a variety 
of techniques was used, including insertion of the probe at a temperature 
of ovor 300°C for instantaneous volatilization, no spectra which were 
characteristic of porphyrins were observed.
Field desorption mass spectrometry at more moderate temperatures gave 
on H-i-1 molecular ion for diazo WSPlb with a mass number in agreement with 
that calculated theoretically for the compound illustrated in Figure 5, 
lilith diazo WSP2 however, a peak was obtained which was consistent with a 
compound having lost a molecule of water from a side-chain containing- a 
hydroxyl group. With this in mind and with the evidence for the presence
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of an hydroxyl group from the acetylation experiments, the spectrum of 
diazo W5P2 was consistent with the structure given in Figure 5.
Nuclear Magnetic Resonance
The NMR spectra of synthetic USP1 and USP2 wore identical but the 
peaks were broad and few bands were resolved. However a prominent band 
was observed in the region corresponding to a methyl ester grouping.
Further purification of synthetic USP1 on TLC gave a similar NMR spectrum 
with no improvement in resolution.
Although the porphyrin preparations were highly fluorescent indicating 
that moot of the porphyrin was not in the form of a chelate, it was possible 
that a small proportion (loss than 5% ) of the total porphyrin was present as 
the copper chelate. This may have been formed from impurities of copper present
I
in the reagents. The chelation of porphyrin to a paramagnetic atom such 
as copper is a possible explanation of the broadening of the spectrum 
(Smith, 1975; S. Sternhell, personal communication). Another possible 
explanation for the broadening is that it may have been caused by the 
presence of undissolved porphyrin. The porphyrin examined had limited 
solubility in rieuterochloroform*
The diazo-met-hane products obtained from WSP1 and USP2 gave clearly 
identifiable porphyrin NMR spectra with only a small amount of broadening 
of bands. Unfortunately, the absorption due to the methyl ester of a 
carboxylic acid group is nearly identical to that of the methyl ester of a 
sulphonic acid group. For this reason a separate band due to the suiphonic 
acid grouping was not seen. Moreover, the integrals from the pulsed NMR 
spectra may be inaccurate by perhaps 30-50^ (Sternhell, 1977). Hence an 
accurate measure of the number of hydrogens in the environment of both 
sulphonic ester and carboxyl ester grouping was not possible. However, 
from the spectra obtained it was evident that compared to the spectrum of 
proto ester (which has two ester groups) both diazo USP1 and WSP2 have at
least three ester groups. These results are still consistent therefore 
uith the structures given in Figure 6 for synthetic USP1 and WSP2.
Comparison uith ['’islands Compounds
Nielands (1951) prepared a sulphonated haomin by shaking a solution of 
proto haemin in butanol with a neutral, aqueous solution of sodium 
bisulphite. The iron was removed from the haemin and the porphyrin which 
resulted was esterified uith methanol saturated uith HC1 gas.
Many of the properties of Nieland^ compound were similar to tho 
properties of the compounds prepared by the methods described in this thesis.
Nielands found that the product of the treatment with bisulphite uas 
too stable to be a bisulphite addition product and postulated that it was 
a sulphonated product, a result supported by elemental analysis.
Nieland*8 compound was similar to the present synthetic water-soluble 
porphyrin esters in being freely soluble in methanol and sparingly soluble 
in ether. Tho sulphonated porphyrin prepared by Niolands uas found to react 
uith diazo-methane, the product being insoluble in mineral acid and in 
alkalie Tho water-soluble porphyrin esters describod in this thesis also 
behaved in this uay.
Tho electrophoretic mobilities of Nieland,s compound and the water- 
soluble porphyrin esters describod in this thesis were similar and indicated 
the presence of at least one negatively charged group even after esterifi­
cation uith methanol-HCl or methanol-sulphuric acid.
Nielands found that sulphonation produced water-soluble products uith 
haemato and doutero phaeophorbixte a_ as uell as protohaomin uhsreas meso 
and pyrrohaomins and also proto, uro and chlorophyll derivatives failed 
to react. The present work also supports Nielands findings uith proto}uro
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and haemato
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NATURAL WATFR-SULUBLC PORPHYRIN ESTERS 
Statement, of Findings
A fraction of the water-soluble porphyrin esters found in tha faeces 
of patients with variegate porphyria bias found to behave as if containing 
a sulphonic acid group similar to the synthetic water-soluble porphyrin esters. 
Some properties of the remaining water-soluble fractions were also 
established including those of a largo labile fraction which readily 
decomposed to give ether-soluble porphyrins. At least one of these 
porphyrins was shown to appear in the faeces of patients with toxic 
porphyria (porphyria cutanea tarda symptomatica) but not in patients with 
coproporphyria or orythrohepatic protoporphyria or in normal subjects.
Also presented in this thesis is a simple TLC method which shous some 
promise for aiding in the diagnosis of variegate porphyria.
Thore were many problems associated with the preparation of sufficient 
natural water-soluble porphyrin esters for study.
Problems in tho Isolation of Natural Water-Soluble Porphyrin Esters
(i) Precipitates
Interfacial precipitates presented considerable problems in the purifi­
cation of the porphyrins by solvent fractionation. These precipitates 
arose at many stages throughout the extraction procedures and contributed 
to largo losses of porphyrins because of their tendoncy to adsorb 
porphyrins.
Whatever reagents were used for the extraction of porphyrins from the 
brown, interfacial precipitates, only a limited amount of porphyrin could 
be extracted. Using a different solvent, a second extraction allowed 
further small amounts of porphyrins to bo recovered. For example, if 
glacial acetic acid was used for extraction of porphyrins from the faeces, 
of patients with variegate porphyria or with toxic porphyria then much 
porphyrin remained in the residue. A subsequent extraction with acetic
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acid: 10/S HC1 (l:l;v/v) removed further substantial amounts of porphyrins 
while concentrated HC1 recovered the remainder mainly by solubilising the 
residue* However, it was never possible to treat all of the water-soluble 
porphyrin estor fractions because of its strong adsorption to brown 
impurities.
When an interfacial precipitate was loft for a long period of 
time, it became loss soluble in acetic acid and methanol-sulphuric acid 
although initially it may have been quite soluble in these reagents. This 
was another factor in reducing the final yield of purified water-soluble 
porphyrin esters.
(ii) Lability
Although comparatively mild techniques were used for their 
extraction a large fraction of the water-soluble porphyrin esters were converted 
to give ether-soluble porphyrins on re-esterification followed by TLC. This 
fraction has been called the labile water-soluble porphyrin ester fraction.
The labilo fraction contained what appeared to be the normal ether-soluble 
porphyrin components of faeces which were trapped, in some manner, in the 
aqueous fraction.
There was, however, a dofinite fraction that remained unchanged 
in all of the purification procedures. This was called the stable water- 
soluble porphyrin ester fraction and it was from this fraction that USP1,
USP2 and USPO were obtained.
(iii) Contamination with Incompletely Csterified Porphyrins
The natural water-soluble porphyrin esters after extraction into 
ethyl acetate could not be separated from partially esterified porphyrins 
by the method of washing the organic phase with alkali since washing an 
ethyl acetate extract with alkali also tended to extract the water-soluble 
porphyrin esters. Moreover, the water-soluble porphyrin esters in the 
purification procedure outlined in the Materials and Methods migrated in
TLC to approximately tho same extent as normal ether-soluble porphyrins 
which had been portly do-9st8rified. Thus some care and skill had to bo 
oxercisod in recognizing and separating the natural water-soluble porphyrin 
estors from partially osterified porphyrins.
Properties of Natural Water-Soluble Porphyrin Esters
Th8 properties of the water-soluble porphyrin esters prepared from a 
patient with variegate porphyria wore in agreement with those found previously 
with another, unrelated patient (Poulos, 1973).
The water-soluble porphyrin esters were found largely bound to a brown 
precipitate when an acetic acid extract of faecos was added to ether. The 
water-soluble porphyrin esters in the precipitate could bo extracted with 
10/S HC1 and purified by adsorption and partition chromatography on cellulose 
followed by TLC.
An important feature of These porphyrins was that after hydrolysis and 
after re-esterification with methanol-sulphuric acid, the mobility on TLC 
in chloroform-methanol did not change indicating they were not partially 
esterified porphyrins. In tho Do3S solvent system (1969), in which all of 
tho known porphyrins of faeces migrate, these porphyrins stayed at the 
origin.
The water-soluble porphyrin esters were soluble in IN NH^OH after 
esterification with methanol-sulphuric acid and could ba extracted into 
alkali from organic solvents in a similar manner to the synthetic water- 
soluble porphyrin esters. However, after treatment with diazo-methane, the 
porphyrin esters became insoluble in alkali and soluble in ether, whereas 
previously they were water-soluble when partitioned between ether and water 
at pH 4. After reaction with diazo-methane, the mobility of tho porphyrin 
increased to approximately that of copro in the Doss solvent system (.1969)« 
However, two bonds of almost identical mobility were obtained in this 
solvent system in a similar manner to the behaviour of tho synthetic 
water-soluble porphyrin esters.
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Hass Spectrometry
As with the synthetic water-soluble porphyrin esters, little success 
was obtained with electron impact or chemical ionization of the natural 
compounds using eithor the diazo-methane products of the unchelated porphyrins 
or their copper complexes.
Field desorption mass spectrometry gave more encouraging results and 
yielded mas3 numbers in the region expected for sulphonated porphyrins. 
However, in the two specimens prepared there were several regions in the 
spectra indicating complicated fragmentation patterns which made identifi­
cation difficult.
The largest fragment obtained from the natural water-soluble porphyrin 
ester USPl after treatment with diazo-methane wa3 769. Duo to the low amount 
of information obtained from the field desorption mass spectrum, it was not 
possible to assign a structure to this mass number.
Infrared Spectra
Infrared spectra determined with 5 jjg of natural water-soluble porphyrin 
ester, USP1, from a patient with variegate porphyria showed an absorption 
band at 10 40 cm"'1' as well as other bands typical of porphyrin esters. The 
band at 1040 cm”  ^was similar to tho band seen in the synthetic sulphonated 
porphyrins and is consistent with, but not conclusive evidence, for the 
presence of a sulphonic acid group on the natural water-solublo porphyrin 
ester.
However, taking into account all of tho evidence and allowing for tho 
difficulties in obtaining adequate supplies of the compound, it is a 
reasonable postulato that the stable natural water-soluble porphyrin esters 
derived from patients with variegate porphyria are porphyrins containing a 
sulphonic acid group similar to the synthetic porphyrins shown in Figure 5.
133
Comparison of Natural with Synthetic Water-Soluble Porphyrin Esters
If a comparison is mads of the synthetic and natural water-soluble 
porphyrin esters WSP1 there are many properties in common. The mobility of 
these porphyrins on TLC in chloroform-methanol solvent systems are closely 
similar. Both the synthetic and natural porphyrins do not migrate in tho 
Doss solvent system (1969) which mobilises all of the known porphyrin esters 
in the faeces. The natural and synthetic porphyrins WSP1 are soluble in 
alkali after complete esterification with methanol-sulphuric acid indicating 
the presence of a charged moiety. Both porphyrins became insoluble in 
alkali and also became ether-soluble after treatment with diazo-methane.
Both tho natural (Poulos, 1973) end synthetic porphyrins possess aetio- 
type visible spectra. Infrared specta on both the synthetic and natural 
porphyrins WSP1 are consistent with the presence of a sulphonic acid group 
on tho porphyrin moiety, although, since the spectrum of the natural 
porphyrin ester was determined on very small amounts of material, these 
results must be treated cautiously. The field desorption mass spectra are 
consistent with the presence of a large hydrophilic group on the synthetic 
and natural porphyrin esters WSP1, although, due to the low amount of 
information obtained from these spectra it was not possible to identify 
this group for the natural water-soluble porphyrin esters. It can be said 
from the spectra however, that the natural and synthetic porphyrin esters 
while being similar ere not identical in structure. As indicated in the 
results, the apparent presence of impurities in the mass spectra of natural 
porphyrin esters made interpretation difficult.
What may be concluded from these results is that the natural and 
synthetic water-soluble porphyrin esters W5P1 are similar in many chemical 
and physical properties. The results seem to suggest the presence of at 
least one sulphonic acid group on the porphyrins.
In tho time available, much loss intense study of natural WSP2 and 
natural WSPO was possible than with USPI. Thus although there is good
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evidence that synthetic USP2 and UISPO ara mEinbors of a scries of sulphonated 
porphyrins, which also includes synthetic LfSPl, it would be premature to 
conclude that USP2 and USPO are directly related to thoir synthetic 
counterparts.
Diagnostic Significance of li'ater-Solub.le Porphyrin Esters
It appeared possible that the method for detection of natural water- 
soluble porphyrin esters outlined in the Materials and Methods (page 37) 
might serve as tho basis for a method assisting in the diagnosis of variegate 
porphyria.
The water-soluble porphyrin ester fractions separated by TLC in chloroform- 
methanol were seen clearly under UV light uhen tho water-soluble porphyrin 
esters from several patients with variegate porphyria wore examined. There 
were two bands of approximately equal intensity with Rf values of 0.2 and 
0.3 and there was a large amount of fluorescence due to porphyrin at the 
origin as well as at the front. For eight patients with toxic porphyria 
one major band with Rf value 0.3 was observed together with large amounts 
of porphyrin fluorescence at the front. There was very little porphyrin 
fluorescence either at Rf 0.2 or at the origin.
For patients with erythrohepatic porphyria or coproporphyria or for 
normal subjects, no porphyrin fluorescence was soon migrating with Rf of 
0.2 or 0.3 or at tho origin but fluorescence was observed at the front.
It was not clear why elution of the regions mentioned from the TLC 
plates obtained from the patients with toxic porphyria or in normal 
subjects gave spectrophotometric measurements which appeared to contradict 
the visual interpretation under UV light. One factor^however,could be the 
extremely small amounts of porphyrins being eluted. Another factor relates 
to the fact that it is well established that the porphyrins migrating 
rapidly form trails throughout the chromatogram, and it is possible that 
the elution of the regions cited may have given false values for the
135
water-soluble porphyrin ester fractions. The contamination of the slower- 
moving components with the faster-moving components becomes very important 
in these chromatograms due to the large amount of porphyrin migrating with 
the front compared to the slower moving components.
By increasing the amount of faeces taken for analysis from normal 
subjects so that the total amount of porphyrin extracted was the same as 
that of a patient with variegate porphyria, there were still negligible 
amounts of water-soluble porphyrin esters witnessed after TLC.
The ratio of the amounts of normal porphyrins (proto, copro, uro etc.) 
to water-soluble porphyrin esters varied considerably with patient and thero 
was no evidence that a particular ratio could be identified with a particular 
type of porphyria. From the results it was clear that the patients with 
variegate porphyria excreted large amounts of proto and copro as well as 
large amounts of water-soluble porphyrin 6sters. However, in the patients 
with orythrohepatic protoporphyria or coproporphyria excreting large amounts 
of proto or copro respectively, there was a very small excretion of water- 
soluble porphyrin esters compared to total porphyrin excreted. On the other 
hand, patients with toxic porphyria (porphyria cutanea tarda symptomatica) 
with large amounts of isoccpro and heptacarboxylic acid porphyrin in the 
faeces, excreted substantial amounts of water-soluble porphyrin esters.
Apart from the water-soluble porphyrin esters the other group of 
porphyrins, the sub-uroporphyrins, which uere studied in patients with 
variegate porphyria proved very difficult to characterize. As well as being 
present in very small amounts compared to the total porphyrins excreted in 
the faeces, large looses by absorption onto precipitates which tended to 
form during their isolation, were experienced.
An interesting feature was that the sub-uroporphyrins contained only 
two or perhaps three carboxylic acid groups but had a mobility on TLC. in the 
Doss solvent system (1969) below that of uro ester. However, at least three
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of the suburoporphyrins did not contain any hydroxyl groups, a group 
considered the most likely to render the porphyrins more polar. Another 
interesting feature was that at least one of the suburoporphyrins responded 
unusually in acetylation experiments in giving a product with only a very 
small increase in mobility compared to that expected from the presence of an 
hydroxyl group. This behaviour suggests the presence of a group other than 
an hydroxyl group on the porphyrin which ronder3 the molecule more polar. 
Origin of the Natural Water-Soluble Porphyrin Esters and the Suburoporphyrins
It is only proposed to speculate briefly here on the origin of the 
stable natural water-soluble porphyrin esters and the suburoporphyrins in the 
faeces of porphyria patients.
Rimington ejt jel (i960) obtained evidence for the occurrence in faeces 
of porphyrin-peptide conjugates in which porphyrins are bound to peptides by 
thio-ether linkages. It is possible that bacterial degredation of such 
conjugates in the gut results in the formation of a sulphonic acid group.
Thio would have to bo an oxidation reaction, an unlikely but not impossible 
reaction considering the reducing environment of tho gut. Therefore it is 
more likely that bacterial degredation of the porphyrin-peptide conjugates 
produces labile porphyrins which then give rise to porphyrins with a 
sulphonic acid group during the isolation procedure.
Tho formation of the porphyrin-peptide conjugates could bo due to a 
detoxification mechanism performed by the liver for dealing uith excess 
porphyrins containing vinyl groups (e.g. proto in variegate porphyria and 
dehydro-isocopro in toxic porphyria). Tho alteration of certain compounds 
containing vinyl groups to form conjugates uith thio-ether linkages is 
known to occur in this way (Parke, 1963). This scheme would then account 
for the presence of uater-solublo porphyrin esters in variegate as well os 
in toxic porphyria but does not explain the apparent low levels found -in 
erythropoietic protoporphyria.
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The presence of hydroxylated suburoporphyrins could arise also by 
bacterial action on porphyrin-peptide conjugates. However, from the small 
amount of evidence for the occurrence of labile porphyrin complexes in the 
faeces which give rise to methoxylated and hydroxylated porphyrins during 
the extraction procedure (Poulos, 1973; Elder, 1974), the hydroxylated 
suburoporphyrins nay arise as artefacts during esterification and acidic 
extractions procedures during their isolation.
The work described in this thesis was a study of both the water-soluble 
porphyrin esters and the suburoporphyrins found in the faeces of patients 
with variegato porphyria. Although there is some structural resemblanco 
of tho water-soluble porphyrin esters to certain synthetic porphyrins, much 
work needs to be done on the final elucidation of the structures of the 
natural compounds as well as of the suburoporphyrins. Moreover, it is 
important to understand the possible relationships of these compounds to 
intermediates of the porphyrin biosynthetic pathway or to the possibility 
of their being products of a detoxification mechanism.
130
SECTION I 
REFERENCES
Adams, R.F., Slavin, W. and Williams, A.R. (1976)* Chrom*
Newsletter ± (2), 24-27.
Barrett, 0. (1959), Nature 183, 1185.
Battersby, A.R. and McDonald, E. (1975). pp.61-122 in "Porphyrins 
and Motalloporphyrins" (K.M. Smith, Ed.) Elsevier, Amsterdam.
Battersby, A.R., Buckley, D.G., Hodgson, G.L., Markuell, R.E. end 
McDonald, E. (1976). pp.63-70 in "High Pressure Liquid Chromatography in 
Clinical Chemistry" (P.F. Dixon, C.H. Gray. C.K. Lim and M.S. Stoll, Eds.) 
Academic Press, Neu York.
Belcher, R.V., Smith, S.G. and Mahler, R. (1969). Clin. Chim. Acta. 
25, 45-52.
Chu, T.C., Green, A.A. and Chu, E.3. (I95l),3. Biol. Chem. 190,
643-646.
Chu, T.C. and Chu, E.3. (1954). 3. Biol. Chem. 208, 537-541.
Dean, G. (1963) in "The Porphyrias". Pitman, London.
Doss, n. (1969). Hoppe-Seyler’s Z. Physiol. Chem. 350, 499-502.
Doss, M. (1971). Sth. Afr. 3. Lab. Clin. Med. 17 (2), 221-226.
Elder, G.H. (1972). Biochem. 3. 126, 877-891.
Elder, G.H., Gray, C.H. and Nicholson, D.C. (1972). 3. Clin. Path.
25, 1013-1033.
Elder, G.H., Magnus, I.A., Handa, F. and Doyle, M. (1974). Enzyme 
17, 29-38.
Eriksen, L. (1957). Scand. 3. Clin. Lab. Invest. 9, 97.
Eriksen, L. (1958). Scand. 3. Clin. Lab. Invest. 1£, 319.
Evans, N., 3ackson, A.H., Matlin, S.A. and Touill, R. (1976) 
pp.71-77 in "High Pressure Liquid Chromatography in Clinical Chemistry",
(P.F. Dixon, C.H. Gray, C.K. Lim and M.S. Stoll, Eds.)Acodemic Press, London.
139
Falk, 3.E., Dresal, E.I., Benson, A. and Knight, B.C. (1956),
Biochom. 3, ¿3, 87.
Falk, 3.E. (1964). ’’Porphyrins and Fletalloporphyrins" Elsevier, 
Amsterdam.
it
Feigl, F. (1966). pp.231-235 in ’’Spot Tests in Organic Analysis, 
Seventh Edition, Elsevier, Amsterdam.
Fieser, L.F. and Fieser, FI. (1967). ’’Reagents for Organic Synthesis’-’. 
3ohn Wiley and Sons, New York.
Gajdos, A. and Gajdos-Tdrtfk, FI. (1969). ’’Porphyrines et Porphyries”. 
Flasson et Cie, Paris.
Gilman, H. and Blatt, A.H. (1961). "Organic Syntheses”. Volume 1. 
Second Edition. John Wiley and Son3, New York.
Gray, C.H., Rimington, C. and Thomson, S. (1948). Quart. 3. Fled.
17, 123-137.
Gray, C.H., Kulczycka, A., Nicholson, D.C., Flagnus, I.A. and 
Rimington, 0. (1964). Clin. Sei. J26, 7-15.
Gray, C.H., Lim, C.K, and Nicholson, D.C. (1977) Clin. Chim. Acta.
77, 167-178.
Grosser, Y., Eales, L. and Sano, S. (1971). Sth. Afr. 3. Lab. Clin. 
Fled. 17 (2), 156-159.
Heller, S.R., Labbe, R.F. and Nutter, 3. (1971) Clin. Chem. 17 (6)
525.
Lipsky, S.R. and Landowne, R.A. (1963) p.515 in "Flethods in 
Enzymology” Volume .6. (S.P, Colowick and N.O. Kaplan, Eds.) London.
Lockwood, W.ll. and Davies, 3.L, (1962). Clin. Chim. Acta. J7,
301-308.
Harks, G.S. (1969). "Home and Chlorophyll”. D. Van Nostrand,
London.
14G
f'lauzorall, D. and Granick, S. (1956), 3. Biol. Chem. 219, 435-446.
Morrison, R.T. end Boyd, R.N. (1971) in "Organic Chemistry",
Second Edition, Allyn and Bacon Inc., Boston.
Neuberger, A. and Scott, 3.3. (1952). Proc. Roy. Soc. (London).
Ser. A. 213, 307.
Nicholas, R.E.H. (1951). Biochem. 3. 4J3, 309.
Nielands, 3.0. (1951). 3. Biol. Chem. 190, 763-767.
Parke, D.V. (1963) "The Biochemistry of Foreign Compounds”. Pergamon. 
Paul, K.G. (i960) Acta Chem. Scand. _4, 239-244.
Poulos, V. (1973). Raster of Science Thesis, Sydney University.
Poulos, V. and Lockwood, U.H. (1973). Proc. Aust. Biochem. Soc.
j5, 25.
Poulos, V. and Lockwood, U.H. (1974). Proc. Aust. Biochem. Soc.
7, 25.
Poulo3, V. (1975). Proc. Aust. Biochem. Soc. jB, 62.
Rimington, C. and Sveinsson, S.L. (1950). Scand. 3. Clin. Lab.
Invest. 2 t 209.
Rimington, C. and Lockwood, U.H. (1966). Panminerva Medica 3_,
325-327.
Rimington, C. and Benson, A. (1967). Biochem. 3. 105, 1035-1090. 
Rimington, C., Lockwood, U.H. and Belcher, R.V. (1968). Clin. Sci.
35, 211-247.
Rimington, C. and Uith, T.K. (1973). Proceedings from Conferonco 
"Regulation of Porphyrin and Heme Biosynthesis" in Marburg.
Rimington C. and Uith, T.K. (1974). Enzyme J/7, 17-28.
Sanger, F. (1949). Biochem. 3. 44_, 126-128.
Sano, S. and Rimington, C, (1963). Biochem. 3. J36, 203.
Scholnick, P., Marver, H. end Schmid, R. (1971). 3. Clin. Invest.
50, 203-207.
141
Showell, 3.S., Russell, 3.R. and Sworn, D. (1962)«, 3, Org. Chem.
27, 2053.
Shriver, R.L., Tuson, R.C. and Curtin, D.Y. (1962). “The Systematic 
Identification of Organic Compounds’*. John Wiley and Sons Inc., Now York.
Smith, S.G., Belcher, R.V., Mahler, R. and Yudkin, 3. (1969).
Clin. Chim. Acta. ,23, 241-243.
Smith, K.fl. (1975). Editor. “Porphyrins and Metalloporphyrins". 
Elsevier, Amsterdam.
Stoll, n.S., Elder, G.U., Games, D.E., O’Hanlon, P., Millington,
D.S. and Oackson, A.H. (1973). Biochem. 3• 131, 429-432.
Sweeney, G.D. and Eales, L. (1963). S. Afr. 3, Clin. Lab. Med 
£, 261 (Discussion).
Truce, W.E., Campbell, R.U. and Nadding, G.D. (1967). 3. Org. Chem.
J32, 308-317.
Weast, R.C. (1974). Editor. "Handbook of Chemistry and Physics”. 
55th Edition. CRC Press, Cleveland, Ohio.
With, T.K. (1971). S. Afr. 3. Lab. Clin. Med. 17 (2), 210-220. 
Zeile, K* and Meyer, H. (1939). Hoppe-Seyler*s Z. Physiol. Chem.
261 (2), 178-198.
